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SECTION 1

INTRODUCTION

This report presents results of a study of radiation effects on electronic

materials and devices. Emphasis is placed on determining the basic mechanisms

of the interaction of radiation with these materials and components with a view

toward gaining understanding of benefit to developers of radiation-tolerant

devices and circuits. The work performad under Contract DNA 001-82-C-0055 is

reported in the present document (Volume 1) and in a companion report (Volume 2).

(Volume 2 is authored by A.H. Kalma, S. Othmer, M.A. Hopkins, R.A. Hartmann,

and J.R. Srour.) In Section 2 of the present report, results of thermally

stimulated current measurements on irradiated MOS capacitors are presented.

Section 3 describes the initial results obtained in a study of soft errors

in GaAs devices. In Section 4, findings obtained in an investigation of

neutron-induced effects in VLSI structures are given. The remainder of the

present section summarizes the major findings reported in this document.

Thermally stimulated current (TSC) measurements have been performed on
irradiated SiO2 films in order to obtain basic mechanisms information regarding

the nature of hole traps at the SiO2 -Si interface. A comprehensive set of pre-

and post-irradiation TSC measurements were made on MOS capacitors in this in-

vestigation. We observed pre-irradiation bias-temperature instabilities, both

for negative and positive bias. The same activation energy (-1 eV) was noted

for both positive and negative charge carriers. For "hole traps" in irradiated

devices, the same activation energies (-0.85 and ~1.3 eV) were noted in both

soft and hard oxides. Hard oxides simply have less traps than their soft

counterparts. There appears to be an "intrinsic" hole trap at -1.3 eV, Dos-
sibly consisting of charged traps with a n.,imber of different activation ener-

gies. If the oxide has Na+ contamination and those ions are moved I'o the Si-
Si0 2 interface, there is an additional "hole trap" at -0.85 eV.

Time-resolved charge collection measurements have been performed on GaAs

devices bombarded with single 5.0-MeV alpha particles. This investigation was %

initiated to determine the relative roles of drift and diffusion in the charge %

collection process and to determine whether charge funneling occurs. Such in-

formation is needed to evaluate the susceptibility of GaAs devices to soft W09

7



errors and as a first step toward developing hardening techniques. Preliminary

charge collection measurements indicate that funneling does occur in GaAs.

Further work in this area will be performed under Contract DNA 001-83-C-0108.

An experimental and analyt",cal study of the effects of 14-MeV neutrons

on silicon devices has been performed. Emphasis was placed on examining whether

the permanent damage that results from a single neutron interaction could cause

problems if that damage occurred in a sensitive region of a VLSI circuit. Deter-

mination of the eneray and adigular distributions of primary knock-on atoms in

14-MeV neutron-irradiated silicon was made. These distributions were employed

in a distribujted cluster model that was used in an attempt to account for mea-

sured resistance changes in irradiated pinch resistors. Neutron irradiatiotis

of small-geometry bipolar transistors were also performed. Electrical measure-

ments were dominated by damage produced in the extrivisic base region. An ap-

proach was developed for determining the effect on current gain of a single

interaction in the intrinsic base region, and such experimentally-based calcu-

lations are planned. Neutron irradiations on MOS/VLSI transistors were per-

formed. Observed threshold voltage shifts appeared to be largely attributable

to background ionizing radiation present during the neutron irradiations. Slope

changes were noted occasionally in plots of threshold voltage shift versus neu-

tron fluence. Further study is needed "o determine whether these slope changes

are attributable to neutron interactions, to ionizing radiation, or to device ,e.

instabilities.

8..
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SECTION 2

THERMALLY STIMULATED CURRENT MEASUREMENTS ,A"-
ON IRRADIATED MOS CAPACITORS N

2.1 INTRODUCTION

The degradation of silicon MOS devices by ionizing radiation is a well-
known phenomenon which has been studied extensively. 2 Ionizing radiation in-•__.

teracts with SiO2 layers resulting in the generation of holes that are prefer-

entially trapped near the Si-SiO2 interface and the generation of interface

states. These radiation-induced effects cause threshold voltage shifts and

other unwanted changes in device characteristics. Once the nature of hole

traps and interface states is determined and the device processing procedures

necessary to control them are developed, it should be possible to "engineer"

the hardness of intecrated circuits and thereby realize ultrahard MOS devices.

The purpose o, the present investigation is to provide basi, information

regarding the nature of hole traps in irradiat.d MOS devices. Even though

much work has been done to elucidate the nature of hole traps, uncertainty

still exists regarding their microscopic properties, the differences between
radiation-soft and radiation-hard oxides, and the effects of various processing

steps. A comprehensive series of thermally stimulated current (TSC) measure-
ments on irradiated oxides was undertaken to determine the density of trapped N

holes and their associated thermal activation energies. These measurements

were performed on ',',OS capacitors in conjunctiun with conventional capacitance-

voltage (C-V) techniques in order to rmonitor the amount of charge in the oxide.

Ih order to obtain a coherent view of the nature of radiation-induced trapped ..-.-.

charge at the Si-SiO 2 interface, analysis of the effects of pre-irradiation
bias-temperature stressing as well as the radiation-induced trapped charge

was necessary.

During the initial phase of the investigation, the experimental tech-

nique was established and demonstrated using MOS capacitors fabricated at

NRTC. Additionally, a mask set for the fabrication of the full matrix of

samples was furnished by NRTC to the Center for Radiation-Hardened Microelec-

tronics (CRM) at Sandia National Laboratories. Here we report the initial
results of measurements on these samples. In Section 2.2, a summary of hole

9



trap characteristics obtained from various measurement techniques is presented.

Section 2.3 reviews the theory of the TSC technique and its interpretation;

details of the experimental method are presented in Section 2.4. Results are

discussed in Section 2.5 and conclusions are ;iven in Section 2.6.

The investigation of hole trap properties using TSC measurements will

continue in our laboratory in 1983 under Contract DNA 001-83-C-0108. Much of

the information presented here Is preliminary and is essentially an interim

report.*

2.2 BACKGROUND

A number of different measurement approaches and techniques have been ap-

plied in the past to identify the nature of hole traps in SiO2 films, including

annealing studies, thermoluminescence, photodepopulation, and thermally stimu-

lated current (TSC) and capazitance. Various experiments have also been con-

ducted to correlate the introduction rate of trapped holes with oxide growth

parameters and other characteristics such as mobile ion concentrations.

A variety of annealing results have been obtained. Woods and Williams4

reported the disappearance of trapped positive charge in irradiated MOS devices

after anneals above 1500C. Aitken4 found that 80% of the radiation-induced

charge is removed upon annealing to 400'C. Regarding the activation energy
for the release of trapped holes, a variety of values have been reported.

al5  6Nicollian et al. quote an activation energy of 0.35 eV. Lindmayer found

activation energies to range from 1.3-1.5 eV. Using isothermal annealing

coupled with capacitance measurements, Manchanda et al. 7 found an activation
8energy for hole detrapping of 1-1.5 eV. Bakowski performed thermally stimu-

lated current measurements on dry and wet oxides and found two values of acti-

vation energy, one in the range of 0.8-1.3 eV, and the other 1.8-2.4 eV. (The
method employed by Bakowski to extract activation energies differed from that

employed here and is believed to be in error. If the present method were ap-

plied the calculated activation energies for his data would be considerably

smaller (by as much as 40%).

For an updated description of TSC measurements on irradiated MOS capacitors,
the reader is referred to a paper by Z. Shanfield in the December 1983 issue
of the IEEE Transactions on Nuclear Science.
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"Hughes and Thomas 9 performed extensive TSC measurements in a study which

compared hard and soft, dry and wet oxides using several diagnostic techniques.

The wet oxide specimens appeared to be dominated by mobile ion contributions tc

the thermally stimulated current. Dry oxides, which were not thus affected,
8

did not exhibit thestructure in the TSC response observed by Bakowski. Sarmpl

behavior was also found to be altered by pre-irradiation bias-temperature

IN Nstressing.

In contrast to the above results, optical measurements of the photo-

ionization cross section of trapped holes have consistently yielded no photo-

depopulation of the trapped charge. Harari, Wang, and Royce10 were unable to

photodepopulate hole traps in measurements performed at 77 K with photons up

to 5 eV in energy. Snow, Grove, and Fitzgerald found the threshold for the

disippearance of trapped holes to be 4.3 eV, which is the energy at which elec-

tron excitation from the silicon valence band to the SiO2 conduction band be-

"comes energetically allowed (internal photoemission). It is quite likely that

"neutralization of trapped holes occurred rather than photodepopulation.

Grunthaner et al.12 and others 13 have used XPS and other spectroscopic

techniques to identify the local chemical nature of the Si-SiO2 interface.

They have found a very abrupt chemical interface (one monolayer or less) and a

bond strain region extending -- 30 A into the oxide. They correlated the radi-

ation hardness of the oxide with the extent of this bond strain region, with

"harder oxides having less strain. They proposed a model in which the ionizing

radiation breaks a strained bond leaving a Si+ sit3, which is the trapped hole,

and a mobile nonbridging oxygen (NBO) that propagates, by the action of the

strain gradient, toward the interface. In their model, if the NBO reaches the

"interface it generates an interface state.

2.3 THEORY

The TSC method is one of a number of techniques based on thermally stimu-

lated relaxation (TSR)1 4 phenomena which includes TSCAP, thermally stimulated

exoemission, emission time spectroscopy, and DLTS. These techniques have been

used for many years in the study of solids.1 5 Also included are thermally

stimulated luminescence (thermoluminescence or "glow curves") in which electron
insuator 16

traps are depopulated in insulators and, more recently, the use of thermally

- .----.-...-. . . . . . . . .-.. ii.. . . .~~~



stimulated ionic currents (TSIC) in studies of ionic impurities in SiO2 and

Al2 03 .17 Thermoluminescence is also a standard techniqve for radiation dosim-

etry. The extension of the thermally stimulated current technique to the study

of hole traps in SiO2 films is a straightforward application of previous work.cFdhht

A TSC measurement is made by applying a bias across the insulator in an
: • '•J•MOS capacitor (Figure 1a) and recording the current as the sample temperature

, w, ..• is raised (Figure Ib). The measurement is repeated in order to determine the
•::i••';i::• .•background current which is attributable to carrier injection and displacement

'4A currents and is unrelated to the thermal depopulation of traps. The differenceIbetween the two currents is interpreted as arising from the thermal depopula-

tion of charged traps. The fact that both trapped electrons and holes may be
present, that discrete and continuous trap levels may exist, and that recombi-

nation and retrapping processes can occur complicates the analysis. Since hole

trapping predominantly occujrs very near the Si-SiO2 interface in thermally
grown SiO2 , for a sufficiently high applied field retrapping can be ignored,

thereby eliminating these complications. In the present case of irradiated

*• thermal SiO2 , hole traps have much larger capture cross sections than electron

traps so the TSC spectra should predominantly reflect the release of trapped

holes.

The simplified rate equation governing the depopulation of traps is

!,i~iid :Znt -AE/kT(t)
ii• ,,.-at- -nt ve(I

where nt is the occupied trap density, v is the "attempt-to-escape" frequency,

AE is the activation energy of the detrapping process, and T is the temperature
in Kelvins, which is a function of time. In ganeral, an analytic solution of

this equation does not exist. However, as shown by Hickmott1 7 for TSIC studies

with discrete energy levels, a hyperbolic temperature ramp allows an analytic
integration of the rate equation. For high-field TSC using a linear tempera-

ture ramp, Simmons and coworkers 18 have shown that the TSC spectrum is, to a

good approximation, a direct image of the energy distribution of occupied traps
when retrapping does not occur. For a linear temperature ramp with a constant

rate 0, the sample temperature is given by

12
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Figure 1. Schematic representation of the TSC technique: (a) experimental con-
figuration; (b) example plots of experimenta) currents where (1) is
the first measurement (called "data") lihile (2) is the second measure-
ment (called "baseline") made immediately after (I) is taken and the
device is allowed to cool; (c) resultant IS.C spectrum.

where T is the initial temperatura and t is time. The measured current is
recorded as a function of temperature; a representative curve is shown in Fig-

ure lb(1). A second measurement is made to establish the baseline (Figure
lb(2)). The TSC spectrum is the difference between the two currents (Figure 1c).
For a distribution of orcupied hole traps, N(AE), where N has dimensions of

traps/cm3 .eV, the currernt per unit area I is given by

I = lqLD N(AE) , (3)

where q is the electronic charge, L is the thickness of the insulating layer,

and

D = 1.2 0 AE/T . (4)

The energy scale (eV) is linearly related to temperature by

13



-4 4AE - T(1.92x10 4og.'+3.2x10-4,• 0.0155 (5).1Because the dependence of AE on v is weak, the specific value of v used is not
critical. A value between 1010 and 1012 sec" is usually taken. In this analy-

sis 1011 sec- was used. Explicit determination of the best value is possible

Ill! ii by measuring the spectra at two different ramp rates, 01 and 0,, and measuring11i the temperatures, T1 and T2 , at which a prominent peak occurs. The emission
rate, v, is then calculated from v = 10y where

.•!• 210g02 TillOg 1y = -1.66 . (6)
•i:,•T2 - T I

2.4 EXPERIMENTAL TECHNIQUE
J,
'ý% During 1981 the feasibility of the TSC technique for studying irradiated

MOS capacitors was established a:,d the experimental methodology, equipment,

mj, , and analysis were developed. Here we present a summary of the experimental
technique. A number of modifications regarding sample mounting and electronics

were made in 1982 which are also discussed.

A necessary requirement for a successful TSC measurement is sensitivity
to picoampere currents in the presence of a noisy environment arising from the

heater and thermal ramp circuits. To meet this requirement, very careful iso-
ij lation and grounding was needed. It is necessary that no extraneous current

S'7be measured. This necessitates the use of a probe in order to couple the
sample under test to the current measuring circuit. The probe was mounted on

its own stand, thereby electrically isolating it from the sample except for

the probe tip in contact with the gate electrode.

The experimental apparatus is shown in Figure 2. This apparatus was

used for both TSC and C-V measurements. A schematic diagram of tne TSC system
is shown in Figure 3. Note that two independent heater circuits were used,

one of which was connected to a dc supply and the other of which was connected
to a servo circuit. Additionally, independent thermocouples were provided for
measurement and control. To assure thermal integrity the measurement thermo-

couple was thermally lagged to the sample block, and for maximum thermal re-
sponse frequency the control thermocouple was imbedded in the sample block.

14



Figure 2. Experimental TSC apparatus incorporating
probe contacts to 14OS test samples.
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Samples were die-attached to gold-chrome metallized 25-mil alumina substrates,

which were in turn clamped to the copper surface of the sample block by means

of lugs fabricated from machineable ceramic (Figure 4). The measurement

thermocouple was clamped to the substrate using one of these lugs, and the

metallization was scribed using e diamond saw in such a way as to maintain

electrical isolation of the thermocouple from the current measurement circuit.

The bias supply wire was then clamped under the other lug. An Everett/Charles

spring contact probe with pointed tip was found to produce a good electrical

contact without damaging either the probe or the sample.

Initially, samples were bonded to the gold-chrome metallized substrate

using a Cu adhesive which was cured at low temperature. TqC measurements re-

sulted in rapid electrical failure of the samples. It is believed that diffu-

sion of the Cu into the semiconductor occurred, althuugh this point was not
Sinvestigated. The problem was resolved using die attachment with a low-ionic-

impurity, silver-filled epoxy which was stable to the maximum temperature

reached during TSC measurements.

TOP VIEW

MEASUREMENT
THERMOCOUPLE

SIDE VIEW SAMPLE
"Z -Th MACHINABLE

-CERAMIC
rp LUGS

A tu'Cr ALMINýA SUBSTRATE1 I L
Cu BLOCK

8o094

Figure 4. Sample mounting configuration.
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The circuits employed for linear sample heating control are shown in

Figure 5. The derivativw of the temperature is obtained by use of the high-

pass filter on the PAR 113 preamp. The amplified signal from the control
thermocouple is summed with the manually adjustable setpoint voltage at the
summing junction of a Kepco power operational amplifier which suppiies power

to the control heater. The measurement thermocouple was mounted on an alumina

substrate for isolation. The setpoint voltage could be adjusted as necessary

to maintain con.tant temperature derivative, as monitored by means of an X-Y

plotter. The manually adjusted bias heater determined the dynamic range of

the control system. The temperature ramp procedure was the following: 1) estab-

lish the appropriate setFoint for the closed-loop control system, and 2) incre-

ment the bias heater supply as necessary in order to maintain reasonably stable
I. output on the Kepco operational amplifier. A TSC run required about 15 minutes

under the chosen conditions of ramp rate (0.3*C/sec).

The current measurement was made using a Keithley 616 digital electrometer

operating in the fast (feedback) mode. The capacitor substrate was biased to

+3.0 V during TSC measurements. The output of the electrometer was fed to the
N Y input of one of the X-Y recorders. The C-V and G-V measurements were made

using a PAR Model 410 C-V plotter operating at 1 MHz with 15 mV modulation

signal. A typical voltage ramp rate used was 0.2 V/sec.

As mentioned previously, a critical requirement was careful grounding of

the total TSC system. The heater circuit and the current measuring circuit

were completely isolated.from each other except at power ground and at the X-Y

r ecorder used for gathering the TSC current vs temperature data (Figure 5).

W. For the current measurement circuit, ground was the Keithley 616 case, with

all other components kept floating. All parts of the vacuum shroud of the ex-

perimental apparatus (Figure 2) were electrically connected so that induced

currents were returned directly to the case of the electrometer. Even with

these precautions, 60 Hz low-pass filters were necessary or the inputs of the

X-Y recorder in order to minimize pickup from equipment operating in the vicin-

ity of the experiment (i.e., Northrop TRIGA reactor facility).

The MOS capacitors were irradiated at the Northrop Co-60 source. Ini-

tially the samples were irradiated in the measurement apparatus. However,

noisy leakage currents were observed from insulators in that apparatus.

17
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A separate fixture which allowed the irradiation under bias of up ti' four

samples was built. The metallized alumina substrates to which capacitors were

die attached was clamped under a brass lug which was wired into the biasing

circuit. A probe contacted *he Al-gate electrode of an MOS capacitor. All

irradiations were made at room temperature in air with a positive gate bias

of 7 volts. Irradiation doses ranged from -0.25 Mrad(Si) to -1.25 Mrad(Si)
at a dose rate of -80 krad(Si)/hr. Dosimetry measurements were made using a
small ion chamber mounted to the irradiation fixture at the location where

samples were usually mounted.

During this study, a variety of measurement sequences was undertaken for

different samples. For many capacitors, a sequence of TSC measurements was

made before irradiation with both positive and negative bias. If pre-irradia-

tion TSC measurements were made, the final pre-irradiation TSC run always was

made under negative gate bias to move any positive ionic charge to the gate

electrode. For other devices, irradiation was the first step in the sequence.

In all cases, the charging of hole traps was produced by Co-60 gamma-ray irra-

diation at room temperature under positive gate bias. Conventional C-V mea-

surements were made before and after each irradiation and each TSC run. The

observed negative flatband shift is indicative of the trapping of positive

charge. Once the hole treps were charged, TSC measurements were made. During

the measurement, holes trapped near the Si-SiO2 interface were thermally re-

leased as the device temperature was raised. With a negative bias applied to
the gate electrode, these holes wei'e swept toward the gate and produced current

peaks in the TSC spectrum. This process, which is equivalent to negative bias-

temperature stressing, also caused a positive flatband voltage shift in C-V

medsurements, which is indicative of the release of trapped holes. q
Devices were fabricated at Sandia National Laboratories. Two separate

device lots prepared by. Sandia were investigated; all devices in both lots were
2prepared on n-type Si of (100) orientation, and all had 1 mm2 Al gate electrodes

(except for a portion of the devices in the first lot which had poly-Si elec-

trodes). Dry oxides were grown at 10000C to a thickness of approximately 700 A,
while pyrogenic oxides were steam grown at 900WC. All samples were annealed at

450%C ;n nitrogen after metallization. To produce the radiation-soft samples,

certain wafers were annealed in nitrogen at 11000C for 30 minutes.
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The first lot included capacitors with pyrogenic and dry oxides (both

soft and hard). TSC and C-V measurementr revealed that these samples con-

tained mobile ions with a density of 10ol to 1012 cm" 2 . The observed pre-

irradiation TSC spectra were typical of those reported in the literature for

oxides containing Na ions and possibly K ions.1 7 The second lot studied con-

sisted of only dry oxide devices (again both hard and soft). These samples

showed no ion contamination within the sensitivity of the measurements. Tri-

angular voltage sweep (TVS) measurements made at Sandia indicated mobile ion

concentrations below 1010 cm"2

2.5 RESULTS AND DISCUSSION

The first samples received from Sandia were wet oxide capacitors from

lot 1. As described above, use of the Cu adhesive resulted in rapid sample

failure so that no useful TSC data were obtained. Once the Ag-filled epoxy

was used for mounting samples, well-defined TSC peaks were observed in the

data. Both irradiation ind TSC measurements were initially made in the same
apparatus. The data was o~ten noisy and difficult to reproduce. Once a sepa-
rate irradiation fixture was built, reproducible data were obtained. Repre-

sentative spectra are shown in Figure 6 for two radiation doses for the same

sample. Before irradiation, both positive and negative gate bias TSC measure-

ments were made. The peaks observed in these spectra are discussed below.

The peak at -0.85 eV was clearly visible and was located on a very flat base-

line. At higher temperatures (>2950 C), the baseline current rapidly increases

due to thermal injection of charge into the SiO2 . Even though most of the

broad peak at -1.3 eV lies well below this region, large uncertainties regard-

ing this peak initially existed. These uncertainties resulted from the less

than optimum reliability of the first samples studied and the frequent break-

down which occurred until limits were placed on the bias applied to the sample

and the maximum temperature and TSC current that was allowed before a measure-

ment was terminated. Once limits were placed on the operating parameter, espe-

cially the maximum TSC current, the -1.3 eV peak became very reproducible.

Results of C-V and TSC measurements are discussed below. First, pre-

irradiation effects are reported including the effects of ion contamination in

lot 1 samples and the bias-temperature instability observed in lot 2 samples.

Next, irradiation effects are described, both intrinsic effects and those asso-

ciated with the presence of ions.
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Figure 6. TSC spectrum of an irradiated pyrogenic, Na contaminated Al
gate MOS capacitor. Precleaning indicates that Na had been
moved to and then away from the Si-SiO2 interface.

2.5.1 Pre-Irradiation Effects

Pre-irradiation TSC and C-V measurements were made to evaluate the degree

of mobile ion contamination in the present samples. This is equivalent to bias-

temperature (BT) stressing. As mentioned above, a mobile ion concentration of

1011 to 1012 cm 2 was found for samples from lot 1. For lot 2 samples, mobile

ion concentrations were below the sensitivity of these measuremerts; however,

a bias-temperature instability (often called a slow trapping instability)19

was observed for this lot.

2.5.1.1 Mobile Ion Motion. Measurements on lot 1, including both dry and

pyrogenic oxides, revealed appreciable mobile ion contamination. TSC measure-

ments showed the typical peaks and energies reported in the literature for

other studies of ion-contaminated SiO2 using thermally stimulated ionic cur-

rents (TSIC). In Figure 7 typicdl results of TSC measurements on Al gate,

lot 1 samples are shown. Curve A shows the first TSC spectrum for ion motion

from the Al gate electrode toward the Si-SiO2 interface, while Curve B is the

current for ions returning from the Si-SiO2 interface toward the gate electrode.

The peak between 0.8 and 0.9 eV is associated with Na÷ ions while the very
%. ,
• •.'
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Figure 7. TSC spectrum of an unirradiated MOS "-
capacitor. See text for details.

broad peak around 1.3 eV has previously been assigned to K+ ions. 2 1  If th-

initial TSIC is made under positive bias, a peak at -1.1 eV is found, while

little or no current occurred if made under negative bias. This indicates

that most of the ion contamination was initially near the gate electrode. ., -\

As shown in Figure 6, one of the predominant irradiation peaks occurs at

the same energy as the Nii+ TSIC peak ( -0.85 eV). Because of the long irradi-

aticn times, it is possible that the Na+ located at the gate electrode could

migrate at room temperature to the Si-SiO2 interface under the positive irradi-

ation bias and be the cause of the -0.85 eV peak. To test this conjlecture, *
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the following experiment was conducted. First, p-sitive and negative gate

bias TSC measurements were conducted leaving the ions at the Al gate electrode.

Figure 8, Curve A shows the final TSC s'ectrum obtained under negative bias.

The sample was next placed under the same positive bias that would be used for

irradiation, but riot irradiated. A negative-bias TSC measurement was then

made as if the sample had been irradiated. The results are shown in Curves B

and C of Figure 8 for two different biasing times. A small amount of Na+ does

drift back to the Si-SiO2 interface, but much less than that which is moved

during the TSC n,•E:-.ement and an order of magnitude less than the current ob-

served in the -0.85 eV irradiation peak.

A pre-irradiation TSC measurement was also made on one poly Si gate capaci-" ".

tor from lot 1. The results (Figure 9) show large currents. Because of the io-7

contamination problem associated with the Al gate samples from lot 1, no further

investigation of these samples was undertaken.

A summary of pre-irradiation results of measurements on the lot 1 samples ..

is given in Table 1. The energy maxima in the TSC distributions are listed

along with the amplitude ratios of the TSC peaks normalized to the lowest tem-

perature neak in each spectrum. The column labeled irterface specifies from

which interface the ions are released. The ratio of the charge determined from

the C-V flatband shift to that determined by integrating the TSC current should

be considered only an estimate. The high energy side of the higher temperature

peaks extends into the region where the baseline current is increasing rapidly.

Since the subtraction of peaks from the baseline in this region often involves

small differences between large numbers, large uncertainties can arise. The

temperature at which injection occurs also varies, possibly depending on oxide

space charge distributions and oxide damage. The total charge contained in

current peaks that extend significantly into this region can have uncertainties

of at leect a factor of. two even though the peak positions are known to much

greater accuracy.

2.5.1.2 Bias-Temperatur'? Instability. C-V characteristics associated with .'- 4

the BT instability in lot 2 samples are shown in Figure 10. The result of a

negative BT stressing, poduced by a negative TSC measurement, is to produce a

negative flatband voltage shift (curve A to B). For positive BT stressing, .

also produced by a ;SC measurement but with positive bias, a very small positive

.4.-
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Figure 8. TSC spectrum of an unirradiated MOS capacitor.
Setext for details.
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Figure 9. TSC spectrum of an unirradiated polysilicon-gate MOS capacitor.
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Table 1. Results for unirradiated Sandia MOS capacitors.

Al GATE POLY Si GATE INTERFACE

Wet R r

71. TSC Peaks in eV (Peak Amplitude Ratios)

1.0 (1) Al-Si02
1.1 (0.7) 1.1 Al-SiO 2
0.9 (1) 0.85 (1) S-Si02

4,1.3 (0.75) 1.35 (2) Si-SiO2
0.9 (1) gate electrode
1.2 (13) gate electrode

C ox V FB/QTSC

1/20 Al -SiO 2
1/10 Si-SiO2

1/6 gate electrode

Ion Contamination (cm')

10 5 x 101 5 x101

1.5 .1.5

SOFT DRY Al GATE -SOFT DRY Al GATE
PRE-IRRADIATION -PRE-IRRADIATION

(A) PRE TSC (C) PRE TSC

1.0 (B) POST TSC (-VG) 1.0 (0) POST TSC (+VG)

o 0

- 0.0.5

-5-4 -3 -2 -1 0 1 2 -5 -4 -3 -2 -1 0 1 2

0161VGATE C)ao VGATE (V)

Fi gure 10. C-v measurements associated with the bias-tem~perature (BT) in-
stability for both positive and negative bias used during TSC
measurements.
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flatband shift occurs (curve C to D). Note that these shifts are opposite to

those expected for mobile ions. Another feaLure characteristic of the negative

BT instability reported in the literature2 2 is the introduction of interface
states. Observe that the C-V stretchout in Figure 10 for the positive BT case

is consistent with this effect, although lateral nonuniformities cannot be
fJ• ruled out.

Representative TSC spectra observed for negative and positive BT insta-

S. bilities are shown in Figure 11. These spectra were obtained from the first

TSC measurements made on the five samples. Note that an approximate peak acti-

vation energy of 1 eV holds for all samples (soft and hard) and for both bias

polarities. (On a few samples a second peak at '-1.2 eV was noted.) The mag-

nitude of these peaks was not observed to correlate with either bias polarity

! •or radiation hardness, although more data would be required to substantiate

this point.
TEMPERATURE (C)

0 100 200 300S~~~40 , ,

t A: 21-14-3 -V 0 )8: 21-14-4 +V HARl
C: 11-15-3 +V*
0: 11-16-l +V0  SOFT
E: 11-16-3 -VG

30

A

zCC
' UI

10 E

0
0.8 1.0 1.2 1.4

*tACTIVATION ENERGY (CV)

Figure 11. TSC spectra associated with negative and positive BT
Z'• instabilities. Bias used during TSC measurements was

1.0 MV/cm with the polarity indicated.a 26
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The literature contains a large number of references to the negative

BT instability. 2 3  Few references to the positive BT instability exist, except

in the early literature2 4 and in recent work dealing with poly Si MOS de-

vices.25 This is understandable based on the very small flatband shift which

is barely observable in C-V measurements. However, the amount of released

charge involved in both instabilities is of approximately the same magnitude,

as determined by TSC measurements.

z"' IThe measured flatband shift (AVFB) and integrated TSC current (QTsc)

for positive (+VG) and negative gate (-VG) can be written as

Cox AVFB = -(Q+d+ - Q_d_)/t (7)

QTSc(+VG) -CoxAVFB + Q- (8)

QTSc(VG) = "CoxAVFB " Q+ (9)

where Q+ and d+ are the magnitude and distance from the gate electrode of the
residual positive charge, Q_ and d are the magnitude and distance for the

residual negative charge, and t is the oxide thickness. If it is assumed that

only charge of one sign is released for each bias, these equations can be

solved for the residual charge and its location. For both biases, the loca-

tion of the centroid was found to be within 50 1 of the gate electrode, with
the sign of the residual charge for positive gate bias being negative, while

for negative bias charge of the opposite sign occurred. The activation ener-
gies for both charge polarities were the same. However, there is no experi-

mental justification for assuming that only one carrier is involved for each

bias. Therefore, insufficient information is available to determine unam-

biguously residual charge magnitudes and locations. We observed a change of
sign of the flatband shift with change of sign of gate bias, which indicates

that the distribution of residual charge is dependent on the polarity of the

applied bias. However, the activation energies are the same for both car-
riers and both bias polarities. These observations are independent of which

7 analysis is invoked. No explanation for this behavior is offered at present.
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2.5.2 Irradiation Effects

2.5.2.1 Intrinsic Effects. The effects of irradiation and subsequent TSC

measurements on MOS capacitors are shown in the C-V plots of Figures 12 and

13. Even though these curves are for samples from lot 2, the same effects

occur for those from lot 1. It is observed that the negative flatband shift

which occurs upon irradiation is almost completely eliminated by a subsequent

TSC measurement. This shows that the current observed during the TSC measure-
Air
ment corresponds to the trapped hole charge introduced by Co60 irradiation.
Also seen is stretch-out in the C-V curves for irradiated devices which is

consistent with the generation of interface states.

Representative TSC spectra observed for lot 2 samples are shown in Fig-

• iure 14. The same spectrum is observed independent of any initial pre-irradi-
J ation TSC measurements. The same peak also occurred in all lot 1 samples along

t i-with the -0.85 eV peak described previously. The -0.85 eV peak is discussed

in detail below in the section aealing with Na-induced radiation effects. In

Figure 14, the variation in TSC spectra between nominally the same type of

sample (dry, soft, Al gate, lot 2) irradiated to the same dose is shown. Fig-
ure 15 shows the degree of reproducibility for repeated irradiations and TSC

measurements on the same sample. After a number of TSC measurement cycles

(deFending on sample, dose, and maximum TSC current) the sample will finally

fail. Until this occurs, Figure 15 shows that the data are generally repro-

ducible.

Initially the very broad peak, centered at -1.3 eV with FWHM of over

0.2 eV, was believed to be a single distribution. Note, however, that in

curve C of Figure 15, a large shoulder exists near 1.4 eV. For other samples

from both lots, structure was evident within this broad manifold with apparent

overlapping distributions (see Figures 16 and 17). The nature of this struc-

ture will require further investigation. This -1.3 eV peak occurs in all

irradiated MOS capacitors so it is identified as being associated with "in-

2.5.2.2 Na-Induced Radiation Effects. In Figure 17, a representative TSC

spectrum for a sample from lot I is shown. In addition to the -1.3 eV peak,

a small peak is evident at -0.85 eV. This is the same peak that was clearly
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1.6 DRY SOFT At GATE 11-16-11
(A) PREIRRADIATION
(B) POST-IRRADIATION 0.24 Mrad(SI)
(C) POST TSC (-VG)

01.0
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0.5 
------
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Fi gure 12. c-v measurements for an irradiated soft MOS capacitor.

1.5 DRY HARD At OATE 21-14-2
(A) PREIRRADIATION & POST-IRRADIATION

POST TSC (-VG)
(11) POST-IRRADIATION 1.27 Mrad(Si)

x
.0

0.5

salle# 05
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Figure 13. c-v measurements for an. irradiated hard MOS capacitor.
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Figure 16. TSC spectrum of an irradiated MOS capacitor

with structure in the intrinsic peak.
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Figure 17. TSC spectra for an irradiated MOS capacitor
with Na contamination after "pre-cleaning".
See text for details.
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evident in Figure 6 in the early TSC measurements of lot 1 samples. Figure 17

is labeled "pre-cleaned" which indicates that a series of pre-ira.iation TSC

measurements were made which moved the mobile ions to the Si-SiO2 interface

and back to the Al gate before irradiation. If this "pre-cleaning" step is

not performed, the -0.85 eV peak does not occur. For dry oxides, the large

-1.3 eV peak can mask the smaller peak at -0.85 eV (Figure 16).

A direct comparison of the non-precleaned versus precleaned spectra is

shown in Figure 18. Observe that the -0.85 eV peak in the precleaned spectrum

is larger than the intrinsic peak located at 1.3 eV for these hard lot 1

samples. Of considerable interest is the question of whether repeated move-

ment of Na ions to the Si-SiO2 interface would additively produce more traps,

thereby causing an initially hard oxide to become softer with temperature and

bias changes. This possibility has not yet been addressed experimentally.

TEMPERATURE VC)

0 100 200 300

11 1 1
10 ITSC -05 MV/cm)

No CONTAMINATED. HARD

PYROGENIC OXIDE

0.35 Mrad(Si)

(A) 1-16-4 NO PRECLEANING

(B) 1-16-4 PRECLEANED
v7
I'-z

4

3

2

I (A)

0.8 1.0 1.2 1.4
*Soso ACTIVATION ENERGY (OV)

Figure 18. TSC spectra comparing "pre-cleanir.y" to no
"pre-cleaning" for irradiated pyrogenic MOS
capacitors.
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One possible explanation for this eflect is that moving Na ions to the

Si-SiO2 interface leaves a "footprint" by introducing a new trap site distinct

from traps associated with the -1.3 eV peak. Another possibility is that of26
radiation-induced ion mobility. Even though there is no appreciable drift

of ions under the bias used in these experiments at room temperature, radia-

tion may induce an increased mobility. This would occur only after bias-

temperature stressing is performed since samples without any TSC measurement

do not show the -0.85 eV peak. A test of this possibility would be to first

perform a negative-bias TSC measurement on a lot 1 sample for which no ion peaks

are observed. If, after irradiation, the TSC spectrum contains no -0.85 eV

peak, the possibility of radiation-induced mobility can be discounted. Such

experiments are planned.

2.6 CONCLUSIONS

In summary, we have observed pre-irradiation bias-temperature instabili-

ties, both for negative and positive bias. The same activation energy (-1 eV)

was noted for both positive and negative charge carriers. For "hole traps" in

irradiated devices, the same activation energies (-0.85 and -1.3 eV) were

noted in both soft and hard oxides. Hard oxides simply have less traps than

their soft counterparts. There appears to be an "intrinsic" hole trap at

-1.3 eV, possibly consisting of charged traps with a number of different acti-

vation energies. If the oxide has Na+ contamination and those ions are moved

to the Si-SiO2 interface, there is an additional "hole trap" at -0.85 eV.

3
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SECTION 3

SOFT ERROR STUDIES IN GaAs DEVICES

3.1 INTRODUCTION

The inherent radiation tolerance of GaAs devices makes them candidates

for utilization in future systems required to operate in a radiation environ-

ment. Hence, there is an increising interest in the susceptibility of GaAs

integrated circuits to soft errors. A soft error is a transient upset of a

device caused by a single ionizing particle. These upsets are produced by

incident radiation such as alpha particles emitted from trace elements in

packaging materials and cosmic rays. The upset mechanism is the ccllection

of ionization-induced charge at sensitive nodes (typically a reverse-biased c
pn junction) by drift and diffusion. In general, the drift component con-

sists of charge generated in the depletion region and charge that is collected

from beyond that region by charge funneling. 2 7 ' 2 8 The diffusion component is

simply that charge which aiffuses to the edge of the depletion region and is

then swept to the sensitive node. 0,

In order to develop effective hardening techniques for soft errors, it

is important to determine the relative roles of drift and diffusion as charge

collection mechanisms and, in particular, to determine whether funneling is

present. One way to accomplish this task is to perform time-resolved charge

collection measuremnents. Sich measurements have been performed for silicon. 2 9

In this sLstion, preliminar3 charge collection measurements on GaAs devices

bombarded with single alpha particles are reported. These initial results

indicaze that charge funneling does occur in GaAs.

3.2 EXPERIMENTAL PROCEDURE

The devices used in this study were Au - n-type GaAs Schottky-barrier

diodes fabricated at NRTC. A schematic representation of the devices is shown

in Figure 19. Au dots with a diameter of 10 mils were evaporated onto a S-

doped epitaxial layer. The epi layer was -7-ý.m thick with a net doping den-

sity of -1 x 1015 cm 3 , and was grown on a Te-doped semiconducting substrate. 0%

An ohmic contact was made to the substrate with silver paste which also served

to attach a given device to a TO-5 header. i reverse bias was applied and

charge collection measurements following a single alpha event were then made.
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Figure 19. Schematic representation of the device
structure used in charge collection
measurements.

A schematic of the experimental configuration used in charge collection

measurements is shown in Figure 20. A Cm2 44 thin foil which emits primarily

5.8-MeV alpha particles was used as the source. An aperture was fitted over

the foil and the source then placed ý-9 mmi from the device under test so that

normal incidence was achieved. (The air gap and Au degrade the alpha energy

to ,-5.0 MeV before entering the GaAs.) The alpha-induced charge was measured

by a Tektronix P6201 FET probe. The probe has a 1-GHz bandwidth, unity gain, .-1
and a nominal input capacitance of 3 pF in parallel with a 100 ka resistance.
The system mainframe is a Tektronix 7912AD transient digitizer. The digitizer

has a bandwidth of 500 MHz and is capable of measuring sub-nanosecond rise-

times. The two plug-ins used in the mainframe were the Tektronix 7A29 ampli-

fier and the 7B90P timebase. The 7A29 is a 1-GHz bandwidth amplifier with a

maximum sensitivity of 10 mV/div. The 7B90P timebase is calibrated to a sweep

speed of 500 ps/div. The resulting system risetime was found to be -1 ns

(10% to 90%).

3.3 RESULTS AND ANALYSIS

A typical data trace is shown in Figure 21 which reveals the prompt and

delayed components of the collected charge. Figure 22 shows preliminary results

of the charge collection experiment. Both the prompt and total collected charge
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Figure 22. Collected charge vs. applied voltage
for 5.0-MeV alpha particles incident
on Au-n-type Schottky-barrier diode.

are displayed as a funct.ion of app;ied bias. Fifteen measurements were made
at each bias and then averaged. The error bars shown for the prompt component %

include one standard deviation from the mean as well as the experimental uncer-

tainty in the integrating capacitance. ThE contribution to the prompt compo-

nent by charge created in the initial (i.e., equilibrium) depletion region is

also shown. This contribution was calculated from a Bragg curve developed for

GaAs. The calculation assumes cilat prompt recombination is negligible.

)ualitatively, thli difference between the depletion region ccmponent and

the measured prompt charge strongly suggests that charge funneling is occurring.

However, before quantifying the magnitude of the funnel effect, d number of

issues must be addressed. One such issue is prompt recombination. At early

times, the charge den;ity along the track is very high. Hence radiative or

Auger recombination may play a role in reducing the amount of charge available

for collection. Prompt recombination would cause an underestimation of the

funnel length. Second, the amount of diffusion charge which would be collected
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auring the system risetime needs to be estimated. Depending on the length of

the funnel as well as its collection efficiency, some charge may diffuse to

the edge of the depletion region during the system risetime. This charge would

be counted as being collected by drift causing an overestimation of the funnel
1b. Ilen g th.

Further work is cleariy needed and will be performed under Contract" DNAO01-83-C-0108. Nevertheless, the preliminary data indicate that funneling

, does occur in GaAs devices.*

For an updated treatment of charge collection in GaAs devices, the reader is
referred to a paper by M.A. Hopkins and J.R. Srour in the December 1983) issue
of the IEEE Transactions on Nuclear Science.
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SECTION 4

INVESTIGATION OF NEUTRON-INDUCED EFFECTS IN VLSI STRUCTURES

4.1 INTRODUCTION

Transient upsets due to the ionization produced in a circuit by a single

incident particle are of considerable interest at nresent. Single particles

also create permanent damage due to displacement of lattice atoms. If that

damage occurs in a sensitive region of a VLSI circuit, the issue arises whethel

the resulting changes in electrical properties are significant enough to be a

problem. We have explored this issue experimentally and analytically for the

* case of 14-MeV neutrons incident on silicon devices. In Section 4.2, findings

S',for small-geometry bipolar transistors and pinch resistors are described. Sec-

tion 4.3 summarizes results of an.experiment designed to observe single neutrol

induced damage regions. Experiments on ?1OS/VLSl transistors are presented in

Section 4.4. A summary of this investigation is given in Section 4.5.

: 4.2 STUDIES ON BIPOLAR TRANSISTORS AND PINCH RESISTORS

4.2.1 Introductory Remarks

Descriptions of our earlier studies of neutron effects on small-geometry
• 30,31

bipolar transistors and pinch resistors have been presented previously.

That work was extended and the experimental and analytical results obtained

are described herein. The experimental methods employed are described in

Section 4.2.2. Experimental findings for pinch resistors are presented in

Section 4.2.3. In Section 4.2.4 analytical and modeling efforts performed to

account for the pinch resistor data are described. Results for bipolar tran-

sistors are given in Section 4.2.5.

4.2.2 Experimental Methods

Test chips containing both bipolar transistors and pinch resistors were

fabricated at Northrop Research and Technology Center. A population of 100

pinch resistors with approximate dimensions of 2.3 x 3.1 x 0.25 Pm (Figure 23)

was employed to obtain basic insight regarding neutron interactions in silicor

devices. The doping concentration in the active region of these resistors was

"--5 x 10 cm" 3 . Ninety of these devices were irradiated with 14-MeV neutrons
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Figure 23. Schematic illustration of pinch resistors.

at the Lawrence Livermore Laboratory RTNS-II source in eleven increments.

Cumulative fluences ranged from 5.3 x 1010 to 2.9 x 1012 n/cm2 , as listed in

Table 2. The remaining ten devices were employed as unirradiated controls.

Very accurate measurements of resistance were performed pre- and post-irradi-

ation by averaging multiple data runs, as described below. A typical standard

•, deviation, expressed as a percentage of the mean value, was 0.01%.

Bipolar transistors used in this study had the configuration shown in

Figure 24. The intrinsic basewidth was -0.25 pLm (doping concentration

-5 x 101 6 cm 3 ) and the collector dimension e was -2.3 pm for 83 devicesc

and -3.1 pim for 38 devices. For these populations, six of the 2.3-pm tran-

sistors and two of the 3.1-pm transistors were maintained as unirradiated

controls. Thus, 77 2.3-pim and 36 3.1-pim devices were irradiated. Irradia-

tions performed were the same as those for pinch resistors (Table 2) since

[• the same chips were employed.
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Table 2. 14-MeV neutron fluences used in irradiations of bipolar
transistors and pinch resistors.

Irradiation Incremental Cumulative
Number Fluence Fluence

1 5.3 x 1010 n/cm2  5.3 x 1010 n/cm2

2 5.3 x 1010 1.1 x 1011

3 1.2 x 1011 2.3 x 1011

4 1.1 x 1011 3.3 x 1011

5 1.1 x 1011 4.4 x 1011

6 2.1 x 1011 6.5 x 1011
7 2.1 x 1011 8.6 x 3011

8 5.3 x 1011 1.4 x 101 2

9 5.2 x 1011 1.9 x 1012

10 5.2 x 1011 2.4 x 10

11 5.2 x 1011 2.9 x 1

BASE CONTACT,,
(NOT TO SCALE)

TOP VIEW

Q C

-O.;e5pm I

EXTRINSIC n INTRINSIC
BASE BASE

80-514.S

Figure 24. Schematic illustration of bipolar
transistors.
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Twenty test chips were studied. Each chip corLtained five pinch resistors

and, depending on yield, up to eleven transistors. The transistors and resis-
tors were sequentially switched into test circuits under computer control. The

measurement system and its capabilities are now described.

Figur.- 25 shows a simplified version of the test circuit used to measureK' transistor collector current (Ic). A fixed base-emitter voltage (VBE) of 720 mV

was applied and monitored for each I measurement. Each I value was adjusted
for variations in VBE, and if VBE varied more than 500 pV the test was aborted.

[ ~ A fixed collector-emitter voltage of 1.000 volt was applied and monitored. If

I iit varied more than 500 pV the test was also aborted. The collector current

was converted to a voltage by a Keithley Model 616 Electrometer and monitored

by a Hewlett-Packard Model 3456A Digital Voltmeter (DVM). The DVM was pro-

grammed, under computer control, to make a series of ten readings of the volt-

age on the 616. Each of the ten readings was averaged over one hundred power

line cycles to reduce any common-mode voltages. The ten -eadings were then

averaged and this average value, along with its standard deviation, was stored

in the computer. (The percent standard deviation was typically less than 0.02%,

Swith a maximum of 0.1%.) Finally, temperature was monitored for each Icmea-

surement and the Ic value adjusted accordingly. If the temperature varied

more than 0.1 0 C from 300 C the test was aborted.

An hFE measurement was also made for a subset of the transistor popula-

"tion using a separate test fixture. Base current was varied until a desired

collector current was obtained and the resultant hFE was computed.

Figure 26 shows a simplified version of the test circuit used to measure

'1 the resistance of pinch resistors. The Hewlett-Packard Model 3456A DVM was

used in its resistance-measurement mode with an excitation current of 500 nA.
This low current was used to minimize the voltage drop across the pinch resis-

tors (typically 10 to 30 millivolts). Sets of 10 readings were made in the

same manner as for the transistor collector currents. Temperature was also

monitored and corrected for in a similar manner. Figure 27 shows a detailed

wiring diagram for the circuit used in testing both the transistors and the

pinch resistors. A simplified version of the computer test flow diagram is

00 shown in Figure 28.
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Figure 25. Simplified diagram of test set-up
used to measure transistor collector
current.
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Figure 26. Simplified diagram of test
set-up used to measure the
resistance of pinch resistors.
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RMTTSTATECNOFA TOEIS ERT.AOTTS

CORET UTITOTET OCl

1. ENTER DATE C TIME RA TE EDPCRESTO
2. ADJUST VTR A 0.72 2 TO.OO.5VM YE D3. ADJUST V BE - 1.00 = 0.0005VYE

2. PRINT ERROR 1ESSAGE

PROHPT TEST TECHNICIAN TO INSER 10 P BOERT ES;

POWER LINECYCLES; AERAGE THE ABODTTERSIETHESADR

CORRECT OUT INTO TEST SOCKT

D. SWITCH APPROPRIATE RELAYS TO

3. SWITCH APPROPRIATE RELAYS TO DESIRED PINCH RESISTOR
DESIRED TVNSISTOR 2. SET UP DVM TO READ 10 SAMPLES

2. SET UP DVM TO READ 10 SAMPLES EACH MEASURED OVER 100
EACH ONE MEASURED OVER 100 POWER LINE CYCLES; AVERAGE

P•ERLIN CYLES AVNGETHEM & DETERMINE THE STANDARD

POWER~O TEMPERATUREAERAG

THEM & DETERMINE THE STANDARD DEVIATION

DEVIATION 3. SWITCH APPROPRIATE RELAYS TO
3.SWITCH APPROPRIATE RELAYS TO MEASURE OVEN TEMPERATURE

MEASURE V BE 4. CORRECT RESISTANCE READINGS
FOR TEMPERATURE

4. SWITCH APPROPRIATE RELAYS TO

MEASURE OVEN TEMPERATURE

5. CORRECT IC DATA FOR VBE T
TEMPERATURE NO 30 T 0.

V BE NoYE
0.72 0.0005

YES TESTED

30 ±0.0100

ISAVE ALL DATA ON MAGNET!C DISC
62,130END OFTES

Figure 28. Simplified computer test flow diagram employed in
transistor and pinch resistor measurements.
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4.2.3 Pinch Resistor Results

Figure 29 is a histogram showing percent change in resistance for the

pinch resistor population after the first irradiation. One device stands out

from the population at 0.4%. We interpret this as being due to the creation of

a single, relatively large damaged region by a neutron interaction in that re-

sistor. Figure 30 shows discrete changes in resistance that occurred for five

devices at various fluences. The relatively large change that occurred for de-

vice number 22/13 (solid line) near 2 x10 2 n/cm2 may have been due to multiple

neutron interactions. Figure 31 shows a histogram for the pinch resistor popula-

tion after 1.4 x 1012 n/cm2 . A similar histogram after 2.9 x 1012 n/cm2 is shown

in Figure 32. Most of the resistance changes are relatively small, which is con-

sistent with the analysis described below. Also, if the population had been con-

siderably larger (e.g., 1000 devices instead of 90), a broad, continuous dis-

tribution of resistance changes would have been observed Table 3 gives the com-

plete history of all 100 pinch resistors (iocluding the ter, controls). Shown is

percent change in resistance measured for all devices after each of the eleven

irradiations. This comprehensive set of pinch resistor data provides insight

regarding the statistics of 14-MeV neutron interactions in silicon. Analytical

and modeling efforts related to these data are now described.

4.2.4 Analysis and Modeling of Pinch Resistor Data

Analysis and modeling were performed for the case of 14-MeV neutrons inci-

dent on silicon for the purpose of obtaining basic information regarding neutron
interactions and the nature of damaged regions. Calculations were made to deter-

mine the energy and angular distributions of primary knock-on atoms (PKAs) for

elastic and inelastic scattering. A distributed cluster model was then developed

in an attempt to account for the resistor data. Results of these efforts are

now described.

4.2.4.1 Determination of m"A Distributions. To predict the effects of single

neutron-induced damage reg;ns on semiconductor devices, it is necessary to de-

termine the energy and angular distributions of PKAs. These distributions can be

calculated from c .. )ss sections given in the literature. 32 34 Both elastic and
inelastic intera. ions have approximately the same probability of occurring for

14-MeV neutrons in Si but each has very different differential angular cross

sections which need to be taken into account in determining PKA distributions.
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Table 3. Percent change in resistance measured for a population of
pinch resistors after each of eleven 14-MeV neutron irrad-
iations. (Neutron fluences are given in Table 2.) The
first ten devices listed are unirradiated controls.

IRRADIATION NUMBERDEVICE ..

NUMBER 1 2 3 4 5 6 7 8 9 10 11

21/12 -0.02 -0.02 -0.04 -0.03 -0.02 -0.04 -0.05 -0.04 -0.02 -0.05 -0.04
21/13 -0.02 -0.01 -0.02 -0.03 -0.02 -0.02 -0.03 -0.03 -0.02 -0.04 -0.03
21/14 -0.02 -0.01 -0.02 -0.03 -0.02 -0.01 -0.02 -0.03 -0.01 -0.04 -0.03
21/15 -0.03 -0.04 -0.C4 -0.05 -0.03 -0.04 -0.05 -0.06 -0.04 -0.07 -0.06
21/16 -0.05 -0.00 -0.07 -0.02 -0.02 -0.04 -0.08 -0.08 -0.07 -0.07 -0.06
321/12 0.01 -0.00 0.01 -0.01 -0.01 -0.04 -0.02 -0.01 -0.01 -0.01 -0.02
32/13 0.01 0.00 0.01 -0.00 -0.01 -0.00 -0.02 -0.02 -0.02 -0.03 -0.02
32/14 0.01 -0.00 0.01 -0.02 -0.02 -0.01 -0.03 -0.02 -0.02 -0.02 -0.02
32/15 0.01 -0.01 0.01 -0.03 -0.04 -0.02 -0.05 -0.04 -0.04 -0.05 -0.0432/16 0.01 -0.02 -0.01 -0.04 -0.04 -0.03 -0.05 -0.06 -0.05 -0.06 -0.06

22/12 -0.01 -0.02 -0.01 -0.02 -0.03 -0.03 -0.02 -0.04 -0.00 0.23 0.30
22/13 -0.00 -0.01 -0.02 -0.01 0.01 0.01 -0.01 -0.01 0.99 0.99 1.10
22/14 0.01 -0.01 -0.02 -0.01 -0.02 -0.02 -0.03 -0.03 0.06 0.03 0.16
22/15 -0.02 -0.02 -0.02 -0.03 -0.02 0.04 0.01 0.09 0.14 0.16 0.17 - ,,4
22/16 -0.03 -0.02 -0.04 -0.03 -0.03 0.01 0.03 0.04 0.50 0.53 0.54
23/12 -0.01 -0.00 -0.02 -0.02 -0.02 0.09 0.17 0.28 0.31 0.31 0.32
23/13 -0.00 -0.01 -0.02 -0.00 -0.02 -0.02 -0.02 0.10 0.14 0.12 0.12
23/14 -0.00 -0.02 -0.03 -0.01 -0.03 0.01 0.40 0.38 0.93 1.06 1.07
23/15 -0.00 0.26 0.22 0.24 0.22 0.23 0.22 0.21 0.58 0.57 0.58
23/16 -0.03 0.01 -0.04 -0.03 -0.05 -0.02 0.02 0.01 0.03 0.03 0.06
24/12 -0.00 0.01 -0.01 -0.00 -0.01 -0.01 -0.00 0.11 0.46 0.45 0.45
24/13 0.00 -0.00 -0.01 -0.00 -0.01 -0.02 -0.01 -0.01 0.01 0.01 0.02
24/14 -0.00 0.01 -0.00 -0.00 -0.00 0.01 0.04 0.34 0.44 0.41 1.07
24/1S -0.00 0.01 -0.01 -0.00 -0.02 -0.01 -0.00 0.01 0.06 0.02 0.06
24/16 -0.02 -0.01 -0.03 -0.02 -0.04 -0.01 -0.02 0.29 0.31 0.78 0.80
25/12 -0.02 0.07 0.03 0.07 0.05 0.40 0.41 0.40 0.56 0.56 0.54
25/13 -0.00 -0.01 -0.02 0.00 -0.00 -0.02 -0.00 -0.02 0.00 0.05 0.05
25/14 -0.00 0.01 0.02 0.47 0. Z5 0.48 0.48 0.65 0.77 1.39 2.17
25/15 -0.02 0.01 0.02 -0.01 -0.03 -0.02 -0.01 -0.02 -0.02 0.27 0.31
25/16 0.00 0.04 0.02 -0.01 -0.03 -0.02 -0.03 0.05 0.07 0.07 0.53
26/12 0.40 0.38 0.40 0.37 0.38 0.38 0.38 0.50 0.51 0.87 0.88
26/13 0.03 -0.01 0.02 -0.00 0.01 0.02 -0.02 0.21 0.36 0.40 0.70
26/14 0.04 0.01 0.06 0.05 0.05 0.06 0.02 0.04 0.02 0.25 0.27 .. •
26/15 0.02 -0.01 0.00 -0.02 -0.02 0.00 -0.02 0.06 0.04 0.12 0.13 -
26/16 0.02 -0.01 -0.02 -0.03 -0.02 0.00 -0.00 0.00 0.22 0.22 0.25
27112 0.01 0.00 -0.01 -0.01 -0.01 0.01 -0.02 -0.01 0.04 0.18 0.20
27/13 0.02 0.01 -0.02 -0.01 -0.01 0.01 -0.02 0.09 0.08 0.09 0.41 "... I
27/14 0.04 0.01 -0.02 -0.03 -0.03 0.02 -0.02 0.17 0.16 0.28 0.30-
27/15 0.03 0.01 -0.02 -0.03 0.04 0.16 0.12 0.12 0.12 0.25 0.36
27/16 0.02 0.01 -0.04 -0.03 -0.02 0.32 0.26 0.33 0.32 0.34 0.36
28/12 0.00 -0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.18 0.19
28/13 -0.00 -0.01 -0.00 -0.01 -0.00 -0.02 0.02 0.03 0.02 0.21 0.25
28/14 -0.00 -0.02 -0.03 -0.03 0.12 0.12 0.12 0.15 0.17 0.17 0.19
28/15 -0.00 -0.02 -0.03 -0.03 0.02 0.16 0.18 0.16 0.19 0.16 0.18
28/16 -0.00 -0.02 -0.03 -0.01 0.11 0.12 0.16 0.40 0.41 0.41 0.41
29/12 -0.02 0.07 0.10 0.08 0.08 0.11 0.11 0.26 0.25 0.37 0.3S
29/13 -0.00 -0.04 0.05 0.46 0.46 0.47 0.47 0.45 0.96 0.96 1.25
29/14 0.00 -0.02 -0.03 -0.03 -0.03 0.38 0.41 0.59 0.61 0.80 0.82
29/15 0.00 -0.04 -0.03 -0.03 -0.03 -0.02 0.05 0.01 0.13 0.49 0.54
29/16 -0.00 -0.02 -0.03 0.04 0.14 0.15 0.22 0.17 0.65 0.64 0.72
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Table 3. Percent change in resistance measured for a population of
pinch resistors after each of eleven 14-MeV neutron irrad-
iations. (Neutron fluences are given in Table 2.) The
first ten devices listed are unirradiated controls.
(Concluded)

IRRADIATION NUMBER
DEVICE
NUMBER 1 2 3 4 5 6 7 8 9 10 11

30/12 0.01 0.01 0.43 0.39 0.40 0.37 0.36 0.36 0.41 - 0.44
30/13 0.03 0.01 0.02 -0.00 0.02 0.00 0.00 0.01 0.01 0.02 0.04
3G/14 0.13 0.14 0.12 0.10 0.12 0.11 0.12 0.14 0.14 0.15 0.27
30/15 0.01 -0.01 0.00 -0.02 -0.01 -0.02 -0.02 0.01 0.22 0.21 0.31
30/16 0.02 0.00 -0.01 -0.02 -0.02 -0.01 0.33 0.32 0.32 1.25 1.SC
31/12 -0.01 -0.01 -0.01 -0.01 -0.02 -0.02 -0.04 -0.03 -0.03 0.07 0.35
31/13 -0.01 -0.01 0.12 0.12 0.12 0.14 0.12 0.13 0.13 0.23 0.23
31/14 -0.01 -0.01 -0.01 -0.02 -0.02 -0.02 0.50 0.60 0.61 0.61 1.02
31/15 0.01 0.02 0.00 -0.01 -0.01 0.33 0.33 0.90 1.97 1.95 1.99
31/16 0.01 -0.00 0.00 0.02 -0.00 0.11 .. 11 0.11 Z.20 0.21 0.35
33/12 0.11 0.10 0.18 0.18 0.28 0.42 0.54 0.64 0.89 1.04 1.12
33/13 0.01 -0.01 0.00 0.00 -0.00 0.01 0.00 0.39 0.37 0.38 0.38
33/14 -0.01 -0.01 -0.00 -0.02 -0.03 -0.00 -0.02 0.16 0.16 0.27 0.31
33/15 0.03 0.04 0.03 0.02 0.02 0.04 0.03 0.01 0.49 0.49 0.60
33/16 -0.01 -0.02 0.17 0.16 0.16 0.22 0.15 0.17 0.15 0.16 0.18
34/12 0.03 0.01 0.08 0.08 0.07 0.08 0.12 0.17 0.25 0.25 0.28
34/13 0.06 -0.00 0.00 0.01 0.00 0.01 0.01 -0.00 0.02 0.25 0.36
34/14 -0.01 -0.01 -0.01 -0.02 -0.02 -0.01 -0.01 -0.02 0.22 0.20 0.20
34/15 0.03 -0.01 -0.02 -0.02 0.00 0.03 3.01 0.07 0.10 0.73 0.99
34/16 0.03 -0.01 -0.02 -0.02 -0.02 -0.01 •0.01 -0.03 -0.03 -0.02 -0.02
35/12 -0.00 0.00 0.01 -0.01 -0.01 -0.00 0.00 0.30 0.32 0.47 0.49
35/13 0.02 0.02 0.03 0.03 0.02 0.45 0.44 0.47 0.47 0.48 0.47
35/14 -0.01 0.03 0.03 0.07 0.11 0.10 0.10 0.36 0.37 6.36 0.36
35/15 -0.01 -0.00 -0.02 -0.02 -0.02 -0.01 -0.03 -0.01 0.02 0.21 0.23
35/16 -0.02 -0.00 -0.02 0.00 -0.00 0.17 0.22 0.22 0.22 0.33 0.56
36/12 -0.01 -0.01 0.00 0.00 0.00 -0.01 -0.02 -0.01 -0.01 0.91 0.91
36/13 -0.01 -0.01 0.01 0.01 0.01 -0.01 -0.01 0.06 0.08 0.06 0.06
36/14 -0.02 -0.00 0.01 0.01 0.00 0.01 -0.01 0.25 0.25 0.31 0.34
36/15 0.07 0.06 0.06 0.05 0.06 0.22 0.22 0.24 0.22 0.23 0.25
36/16 0.01 -0.00 0.01 -0.02 0.03 0.04 0.03 0.05 0.13 0.11 0.12
37/12 -0.00 -0.05 0.01 0.03 -0.02 0.24 0.65 0.59 0.60 0.74 1.26
37/13 0.03 -0.04 0.00 0.03 -3.07 0.10 0.06 0.15 0.22 0.22 0.58
37/14 -0.01 -0.08 0.00 0.03 -0.10 0.06 -0.01 -0.01 0.13 " 09 0.09
37/15 -0.02 -0.09 -0.04 -0.01 -0.16 -0.05 -0.10 0.19 0.24 u.20 0.36
37/16 0.04 -0.03 0.15 0.16 0.00 0.13 0.07 0.04 0.30 0.3n 1.49
38/12 -0.02 0.06 0.09 0.01 0.06 0.59 0.57 0.73 0.92 0.96 1.07
33/13 -0.02 0.22 0.22 0.15 0.20 0.21 0.13 0.21 0.13 0.19 0.16
38/14 -0,02 0.08 0.08 0.04 0.08 0.29 0.19 0.26 0.M9 0.87 0.85
38/15 -0.03 0.07 0.07 0.03 0.08 0.06 -0.03 0.09 0.00 0.10 0.07
38/16 -0.05 0.05 0.06 0.01 0.06 0.02 0.01 0.07 0.36 0.39 0.34
39/12 0.01 0.01 0.01 0.02 0.01 0.02 -0.01 -0.00 0.02 0.01 0.12
39/13 0.02 0.01 0.02 0.03 0.02 0.03 0.00 0.02 0.03 0.06 0.80
39/14 0.02 0.01 0.01 0.03 0.02 0.03 -0.01 0.44 0.47 0.48 0.76
39/15 0.01 0.00 0.06 0.07 0.30 0.58 0.55 0.68 0.66 0.64 0.66
39/16 0.01 -0.01 -0.02 0.01 -0.01 -0.01 -0.03 0.06 0.07 0.27 0.28
40/12 0.03 -0.00 0.25 0.22 0.20 0.29 0.29 0.67 0.77 0.87 0.96
40/13 0.03 -0.01 0.02 0.06 0.03 0.08 0.09 0.01 0.09 0.04 0.12
40/14 0.05 -0.00 0.04 0.01 0.00 0.05 0.06 -0.01 0.06 -0.00 0.09
40/15 0.03 -0.01 0.02 -0.02 -0.02 0.01 0.05 -0.01 0.07 0.02 0.37
40/16 0.03 -0.03 0.02 -0.02 -0.04 0.01 0.01 -0.05 0.36 0.32 0.38
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The predominant interactions between 14-MeV neutrons and Si are elastic

(n,n) and inelastic (n,n') scattering. These reactions are assumed to occur Now , "

with Si 28 which has an abundance of 92.3%. Ali other reactions, such as (n,p),

(n,c), (n,d), and (n,np), have much smaller cross sections. Both (n,n) and

(n,n') interactions have cross sections of approximately 0.9 barns. In past

work, most interest fot.used on the elastic reaction while ignorinq the inelastic.

Becauzse of the high energy of the 14-MeV ntjtron, 'lastic scattering of

Si2 8 produces the typical "diffraction-like" differential elastic cross section,

dOel/d 0. The da/d reported in the literature is in center-of-mass coordi-

nates (CM). To be useful in analyzing effects in pinch resistors, cross sec-

tions need to be converted to the laboratory frame of reference (LAB). The

relationship between LAB and CM angles is eLAB 2 -CM), while the LAB
recoil energy (T) of the Si is given by "___

T = Tm sin 2 (eCM/2) (10)

where Tm is the maximum recoil energy. Using standard statistical methods

based on the theory of probability distributions for functions of random vari-36 E
ables, dael/dil was converted to an elastic recoil energy distrib tiun (Fig-
ure 33) and a recoil LAB angular distribution (Figure 34). These two distribu-

tions are not independent. For each energy there is a specific angle for which

a recoil occurs. The elastic energy distribution is highly peaked at low ener-

gies. These low-energy PKAs will be scattered nearly perpendicular to the in-

cident neutron direction, high-energy PKAs due to elastic scattering are

relatively rare but much more forward directed.

The Si28 nucleus contains a very large number of states below 14 MeV.

Starting with the first excited state at 1.78 MeV above the ground state, other

excited states are at 4.61, 4.97, 6.27, and 6.88 MeV. 37 The compound nucleus

formed with a 14-MeV neutron is sufficiently excited to allow the use of the
S28

statistical model for inelastic scattering of 14-MeV neutrons from Si. In the

CM, the angular distribution is isotropic while the scattered neutrons are said

to "evdporate" from the compound nucleus with an energy spectrum

F(E) : CEexp(-E/TO) , (11)
0
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where E is the energy of the emitted neutron in the CM frame and TO is an

effective temperature of the excited nucleus.38 By conservation of momentum,

the CM distribution of the recoil Si can be found.

The relationship connecting the LAB and CM reference frames is

V = + Vc , (12)

where V and V1 are the recoil velocities of the Si atom in LAB and CM frames,
"respectively; Vc is the velocity of the CM. 3 5 Since the recoil angular and

energy distribLitions in the CM are independent, standard statistical methods

can be used to calculate the recoil energy and recoil angular distributions. 36

Results are shown in Figures 33 and 34, respectively.

While the elastic recoil energy distribution is strongly peaked at very

"low energies, the inelastic distribution is very broad with a FWHM of -600 keV

and a peak at -450 keV. The elastic angular distribution is peaked near 90Q

"with respect to the direction of the incident neutron. Inelastically scattered

recoil atoms are very strongly forward directed. The use of both interactions

is necessary for an accurate description of the recoil atom.

4.2.4.2 Modeling. In order to analyze the pinch resistor results, the follow-
ing physical model of the effects of neutron irradiation on these resistors was

adopted. A flux of 14-MeV neutrons incident on the pinch resistors produces a
distribution of PKAs with various energies and emission directions. These dis-

tributions were shown in Figures 33 and 34 for elastic and inelastic interac-

"tions. The PKAs interact with other Si atoms causing displacements and pro-

ducing more recoiling atoms. The density of displacements is small near the

beginning of the PKA range and large near the end. The low-defect-density

regions probably contribute little to the measured change in resistance except

as compensation centers. The high-defect-density regions can be viewed as

localized damage clusters which act as nonconducting voids. Only those V.,ds

that overlap the sensitive volume of the pinch resistor will cause an increase

in resistance. Since there is a distribution of PKA energies and angles, there

are limits on the location of the neutron interactions which produce a PKA that

can cause an overlapping void. The energy and angular distributions also re-

sult in a distribution of void sizes. Combining these effects results in a
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distribution of resistance changes caused by the statistical nature of neutronI iinteractions, PKA paths, and void sizes.

To make the model tractable, the following simplifications were adopted.

Although the total differential cross section has been used to determine PKA

energy distributions, only the relationship between angle and energy for elas-

tic scattering is employed to calculate the resistance change distribution.

This allows the use of a single independent distribution function (energy) in-

stead of the two that would be required for inelastic scattering (energy and

argle). The result is an underemphasis of the larger voids and the correspond-

ing larger resistance changes. The pinch resistors used in the experiment have

finite widths. By ignoring this in the model, edge effects are avoided.

Various estimates have been made of the extent and shape of the noncon-

ducting void. The conventional pictur'e developed by Gossick 39 and elaborated

on by others has recently come into question based on detailed calculations

using the binary-collision simulation code MARLOWE. 40 In the Gossick model,

the PKA cascade produces a localized cluster of high defect density whose dimen-

sions are a large fraction of the PKA range. This high defect density gives

rise to a space-charge region which can be much larger than the defect cluster,

depending on doping density. Alternatively, the MARLOWE code calculations pre-

dict that PKAs produce long trails of low defect density, some of which branch

out, with very small clusters of approximately 50 i diameter located at the end

of the tracks. These tracks are expected to have much less of an effect on

resistance than the small clusters which can be viewed as nonconducting voids.

In our approach, termed a distributed cluster model, we assume the con-

ventional neutron-induced cluster model but take into account the detailed
energy and elastic angular distributions. The cluster volume is treated as a

spherical majority-carrier void. For each PKA energy, an average void diameter

is obtained from EDEP code calculations. 4 1 This approach leads to a distribution

of resistance changes that can be compared with experiment. Combining the use

of only the elastic angular dependence with a spherical approximation for clus-

ter shapes causes an underestimate of large resistance changes.

I The calculations give the distribution of the resistance changes (AR/R)

for one cluster in the sensitive region of the pinch resistor. For a given
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fluence, there are probabilities for obtaining different numbers of clusters

given by a Poisson Aistribution. Multiple clusters will affect the resistance

differently. To calculate the effects of multiple clusters, it was assumed

that no overlapping voids occur. This results in calculating an overly large

and very uniform resistance change distribution at large values of AR/R which

is caused by many clusters. In addition, the fall-off from small A.R/R is

expected to be too fast. The difference between this model and the one used
30earlier is that the previous distribution of resistance changes was propor-

tional to the distribution of the number of clusters, with each cluster causing

an average resistance change.

The results of the above calculations are shown in Figure 35 along with

experimental data for a fluence of 5.2 x 10 n/cm-. Discrepancies between

the predictions and the data are evident, as expected. Above AR/R of 0.5%,

the calculated distribution is approximately uniform. Most importantly, the

fall-off for the calculated distribution is much faster than that for the data.

It is expected that modifications of the approximations used would produce a

distribution that more closely reflects the data. However, the MARLOWE code

predicts many very small clusters which we believe would enhance the discrepan-

cies between calculations and data. Thus, even though no definitive conclusion

can be made regarding the actual damage shapes introduced by the PKAs, our

analysis indicates that the distributed cluster model provides a better pre-

diction of the pinch resistor data than would a model based on MARLOWE code

calculations.

4.2.5 Bipolar Transistor Results

Table 4 lists the percent change in collector current (I ) for 2.3-pm

bipolar transistors measured after each of the eleven irradiations. A similar

listing for 3.1-pm devices is given in Table 5. Several transistors, including

a few of the controls, exhibited behavior that was atypical of that for the

two device populations. For the 2.3-pm device population, two of the controls

(32/3 and 32/5) exhibited a significant unexplained decrease in I in the
c

second set of measurements (column 2, Table 4). These two devices then re-

mained as stable as the other four 2.3-pm controls for the remainder of the
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Figure 35. Comparison of experimental data for pinch
resistors with model calculations described

Y• in the text.

x experiment. One irradiated device (28/8) exhibited an atypically large decrease

jin I (--2%) after the second irradiation. Its behavior thereafter was consis-

tent with the rest of the irradiated population. If this decrease was due to

the presence of a single damaged region in the intrinsic base, then from a sta-
tistical viewpoint similar decreases would have been observed in other devices

A during the series of eleven irradiations. The absence of such decreases caused

us to throw out Device 28/8 in further data analysis. The effect observed in

this device is unexplained, but is most likely a reliability problem. The sim-

ilar effect noted in the two controls may have the same origin. The remainder

of the 2.3-pm device population was quite well-behaved and exhibited mutually

10 consistent behavior over the course of the entire experiment. This indicates

v• that only a few devices were unstaLle and that the remainder of the population

yielded a valid, reliable data set.
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Table 4. Percent change in collector current measured for a population of
2.3-&m bipolar transistors after each of eleven 14-MeV neutron
irradiations. (Neutron fluences are given in Table 2.) The first
six devices listed are unirradiated controls.

IRRADIATION NUMBER
DEVICE
NUMBER 1 2 3 4 5 6 7 8 9 10 11

21/1 0.06 0.14 0.15 0.24 0.18 0.19 0.23 0.28 0.29 0.29 0.1921/3 0.06 0.03 -0.05 0.00 -0.11 -0.00 0.13 0.01 0.02 0.02 -0.07

21f7 0.05 0.03 -0.02 0.03 0.03 0.05 0.04 0.06 0.03 0.02 0.02
32/3 0.02 -0.61 -0.65 -0.79 -0.82 -0.72 -0.68 -0.77 -0.64 -0.76 -0.56
32/5 -0.01 -0.43 -0.39 -0.59 -0.61 -0.42 -0.42 -0.49 -0.31 -0.61 -0.31
32/7 0.07 0.07 0.12 -0.09 -0.10 -0.02 -0.07 -0.06 -0.09 -0.12 0.00

22/1 -0.04 -0.11 -0.29 -0.37 -0.45 -0.57 -0.66 -1.12 -1.73 -2.07 -2.31
22/2 -0.06 -0.16 -0.29 -0.34 -0.56 -0.76 -0.92 -1.28 -1.85 -2.28 -2.47
22/3 -0.00 -0.20 -0.34 -0.45 -0.62 -3.82 -0.84 -1.44 -1.83 -2.18 -2.45
22/4 -0.12 -0.27 -0.28 -0.35 -0.46 -0.63 -0.81 -1.24 -1.77 -2.06 -2.37
22/5 -0.08 -0.11 -0.36 -0.39 -0.46 -0.48 -0.58 -0.86 -1.16 -1.17 -1.16
22/7 -0.13 -0.33 -0.44 -0.49 -0.69 -0.86 -0.91 -1.46 -1.86 -2.20 -2.59
22/8 -0.13 -0.27 -0.46 -0.54 -0.73 -0.86 -0.98 -1.59 -1.78 -2.16 -2.50
23/3 0.01 -0.08 -0.18 -0.24 -0.32 -0.44 -0.47 -0.87 -1.08 -1.39 -1.72
23/4 -0.06 -0.07 -0.19 -0.19 -0.30 -0.37 -0.45 -0.59 -0.74 -0.91 -1.00
23/5 0.01 -0.12 -0.38 -0.32 -0.42 -0.32 -0.44 -0.63 -0.75 -0.85 -0.97
23/8 0.00 -0.24 -0.37 -0.45 -0.57 -0.64 -0.68 -1.14 -1.37 -1.67 -1.94
24/1 -0.06 -0.24 -0.35 -0.37 -0.57 -0.71 -0.93 -1.27 -1.56 -1.81 -2.14
24/2 -0.05 -0.27 -0.45 -0.51 -0.72 -0.74 -0.98 -1.28 -1.65 -2.03 -2.28
24/8 0.10 -0.13 -0.22 -0.31 -0.33 -0.44 -0.42 -0.77 -0.91 -1.19 -1.21
25/1 -0.20 -0.32 -0.54 -0.54 -0.68 -0.77 -0.98 -1.15 -1.34 -1.51 -1.68
25/2 -0.11 -0.12 -0.28 -0.37 -0.55 -0.60 -0.81 -1.02 -1.28 -1.45 -1.67
25/3 -0.12 -0.14 -0.40 -0.53 -0.74 -0.88 -0.97 -1.57 -1.82 -2.26 -2.66
25/4 -0.23 -0.26 -0.36 -0.42 -0.59 -0.56 -0.73 -0.95 -1.30 -1.31 -1.46
25/5 -0.11 -0.28 -0.57 -0.59 -0.73 -0.71 -1.03 -1.33 -1.62 -1.74 -1.80
25/6 -0.12 -0.26 -0.34 -0.53 -0.72 -0.78 -0.98 -1.40 -1.53 -1.72 -1.84
25/7 -0.12 -0.29 -0.39 -0.53 -0.69 -0.77 -0.90 -1.27 -1.53 -1.69 -1.88
26/1 0.10 -0.11 -0.14 -0.27 -0.30 -0.44 -0.81 -1.06 -1.46 -1.78 -2.05
26/2 0.16 -0.11 -0.1? -0.34 -0.39 -0.43 -0.66 -0.90 -1.37 -1.63 -1.89
26/5 0.18 -0.18 -0.19 -0.26 -0.13 -0.09 -0.32 -0.44 -0.89 -1.07 -0.80
27/1 -0.19 -0.28 -0.56 -0.68 -0.72 -0.76 -0.94 -1.19 -1.53 -1.70 -1.98
27/2 -0.14 -0.29 -0.62 -0.79 -0.86 -0.83 -1.04 -1.31 -1.72 -1.89 -1.97
28/1 -0.13 -0.30 -0.36 -0.51 -0.59 -0.67 -0.87 -1.20 -1.44 -1.71 -1.87
28/2 -0.13 -0.37 -0.46 -0.5S -0.S7 -0.70 -0.85 -1.17 -1.35 -1.60 -1.59
28/4 -0.25 -0.45 -0.49 -0.69 -0.70 -0.70 -0.96 -1.18 -1.31 -1.47 -1.43
28/5 -0.15 -0.40 -0.49 -0.62 -0.70 -0.79 -0.93 -1.43 -1.68 -2.06 -2.24
28/6 -0.18 -0.38 -0.51 -0.61 -0.75 -0.82 -1.07 -1.42 -1.65 -1.91 -1.93
28/7 -0.03 -0.25 -0.43 -0.57 -0.72 -1.00 -1.14 -1.69 -2.14 -2.61 -2.85
28/8 0.05 -2.07 -2.30 -2.43 -2.65 -2.92 -3.07 -2.89 -3.19 -3.53 -3.71
29/1 -0.08 -0.25 -0.28 -U.40 -0.53 -0.48 -0.62 -0.82 -1.17 -1.22 -1.39
29/3 -0.15 -0.31 -0.24 -0.38 -0.42 -0.36 -0.31 -0.57 -0.53 -0.56 -0.63
29/5 -0.17 -0.39 -0.42 -0.51 -0.65 -0.45 -0.50 -0.68 -0.87 -0.80 -0.94
29/8 -0.13 -0.36 -0.45 -0.58 -0.60 -0.60 -0.63 -0.84 -1.08 -1.00 -0.9S
30/1 -0.08 -0.15 -0.31 -0.36 -0.51 -0.59 -0.83 -1.02 -1.30 -1.50 -1.44
30/2 -0.14 -0.22 -0.40 -0.59 -0.78 -0.92 -1.09 -1.35 -1.68 -1.98 -1.92
30/3 -0.20 -0.16 -0.41 -0.55 -0.66 -0.73 -0.80 -1.00 -1.10 -1.37 -1.26
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Table 4. Percent change in collector current measured for a population of
2.3-lmn bipolar transistors after each of eleven 14-MeV neutron
irradiations. (Neutron fluences are given in Table 2.) The first
six devices listed are unirradiated controls. (Concluded)

IRRADIATION NUMBER
DEVICE
NUMBER 1 2 3 4 5 6 7 8 9 10 11

31/2 -0.26 -0.42 -0.52 --0.76 -0.90 -1.04 -1.33 -1.83 -2.31 -2.65 -3.03
31/5 -0.20 -0.38 -0.43 -0.52 -0.72 -0.60 -0.85 -1.25 -1.44 -1.77 -1.95

S31/6 -0.22 -0.32 -0.36 -0.44 -0.59 -0.54 -0.69 -1.03 -1.18 -1.19 -1.43
31/7 -0.11 -0.26 -0.29 -0.43 -0.53 -0.62 -0.79 -1.18 -1.54 -1.71 -2.01
31/8 -0.11 -0.27 -0.30 -0.43 -0.52 -0.55 -0.64 -0.90 -1.15 -1.22 -1.40
33/3 -0.15 -0.15 -0.54 -0.69 -0.91 -1.09 -1.28 -1.82 -2.14 -2.50 -2.70
33/4 -0.19 -0.09 -0.37 -0.56 -0.77 -1.02 -1.18 -1.59 -2.07 -2.52 -2.91
33/5 -0.43 -0.47 -0.73 -0.86 -1.11 -1.13 -1.36 -1.82 -2.06 -2.43 -2.65
33/6 -0.28 -0.28 -0.62 -0.86 -0.92 -1.27 -1.56 -2.18 -2.60 -2.92 -3.22
33/7 -0.19 -0.26 -0.49 -0.68 -0.78 -1.05 -1.25 -1.78 -2.12 -2.34 -2.56
33/8 -0.23 -0.23 -0.47 -0.67 -0.83 -1.06 -1.29 -1.99 -2.40 -2.80 -3.04
"34/1 -0.23 -0.45 -0.58 -0.61 -0.83 -0.96 -1.00 -1.32 -1.55 -1.83 -1.95
34/2 -0.07 -0.29 -0.42 -0.48 -0.68 -0.71 -0.85 -1.24 -1.34 -1.66 -1.71
34/8 -0.18 -0.48 -0.65 -0.8? -1.04 -1.22 -1.37 -1.82 -2.05 -2.29 -2.47
35/6 -0.18 -0.19 -0.42 -C.38 -0.48 -0.71 -0.93 -1.34 -1.67 -1.86 1.96
35/7 -0.13 -0.12 -0.26-0 32 -047 -0.70 -0.95 -1.43 -1.76 -2.09 -2.33
35/8 -0.18 -0.12 -0.29 -0.30 -0.41 -0.67 -0.89 -1.39 -1.61 -1.74 -1.88
36/1 -0.30 -0.41 -0.43 -0.49 -0.6S -0.74 -0.77 -1.12 -1.15 -1.33 -1.32
'76/2 -0.20 -0.33 -0.39 -0.54 -0.70 -0.85 -1.00 -1.48 -1.78 -1.97 -2.17
36/6 -0.29 -0.39 -0.46 -0.53 -0.69 -0.69 -0.79 -1.08 -1.18 -1.29 -1.36
36/7 0.03 -0.17 -0.23 -0.21 -0.30 -0.19 -0.22 -0.26 -0.41 -0,37 -0.10
36/8 -0.15 -0.24 -0.35 -0.43 -0.52 -0.58 -0.74 -0.96 -0.92 -1.05 -1.12
37/4 -0.17 -0.23 -0.35 -0.56 -0.74 -0.92 -1.12 -1.56 -1.94 -2.24 -2.46
37/7 -0.04 -0.06 -0.26 -0.36 -0.58 -0.68 -0.81 -1.10 -1.33 -1.63 -1.84

-- 3718 -0.02 -0.08 -0.27 -0.34 -0.52 -0.62 -0.80 -1.34 -1.66 -1.94 -2.07
38/1 -0.18 -0.20 -n.43 -0.64 -0.80 -1.08 -1.36 -1.90 -2.26 -2.43 -2.69
38/3 -0.12 -0.11 -0.40 -0.54 -0.75 -1.00 -1.30 -1.87 -2.29 -2.62 -2.86
38/4 -0.21 -0.21 -0.38 -0.58 -0.77 -0.98 -1.27 -1.70 -2.15 -2.59 -3.06
38/5 -0.29 -0.30 -0.55 -0.73 -0.77 -0.97 -1.17 -1.53 -1.77 -2.00 -2.03
38/6 -0.18 -0.19 -0.43 -0.45 -0.69 -0.88 -1.07 -1.45 -1.72 -1.84 -2.18
38/7 -0.08 -0.08 -0.33 -0.45 -0.63 -0.86 -1.11 -1.63 -1.93 -2.14 -2.41
38/8 -0.04 0.08 -0.22 -0.26 -0.39 -0.55 -0.84 -1.19 -1.38 -1.71 -1.84
39/1 -0.08 -0.18 -0.18 -0.38 -0.54 -0.64 -0.84 -1.33 -1.63 -2.13 -2.42
39/4 -0.15 -0.23 -0.19 -0.42 -0.52 -0.56 -0.70 -1.20 -1.60 -2.02 -2.18
39/7 0.15 -0.04 -0.11 -0.15 -0.36 -0.39 -0.66 -1.19 - -1.88 -2.11
39/8 0.06 -0.07 -0.23 0.34 -0.45 -0.51 -0.67 -1.17 -1.39 -1.91 -2.06
40/3 -0.20 -0.29 -0.44 -L.63 -0.91 -1.10 -1.26 -1.83 -1.96 -2.39 -2.53

For the 3.1-pm device population, one control device (32/11) and one irra-
diated device (40/11) exhibited anomalous behavior. The same argument given

above for 2.3-pm transistors applies here as well. We have judged that the re-v mainder of the 3.1-pm device population yielded a valid, reliable data set.

The most striking feature of the data is illustrated in Figures 36-38,

where histograms for the 2.3-pm device population are shown after three of the

eleven irradiations. In general, the entire population shifts with irradiation
and discrete effects occurrine in individual devices are not evident. This
result is in sharp contrast to the pinch resistor data described above where

the occurrence of isolated events is obvious. The gradual shift in the two

transistor populations is illustrated in Figure 39 where the average percent

change in Ic is plotted versus fluence for the eleven irradiations. A monotonic
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Table 5. Percent change in collector current measured for a population
of 3.1-jan bipolar transistors after each of eleven 14-MeV
neutron irradiations. (Neutron fluences are given in Table 2.)
The first two devices listed are unirradiated controls.

IRRADIATION NUMBER
DEVICE
NUMBER 1 2 3 4 5 6 7 8 9 10 11

21/11 0.06 .-0.01 -0.03 0.10 0.05 0.02 0.09 0.10 0.18 0.15 0.10
32/0l 0.01 -1.65 -1.76 -2.09 -2.20 -2.63 -2.70 -2.49 -2.47 -2.67 -2.44

22/9 0.05 -0.18 -0.40 -0.52 -0.74 -0.93 -1.14 -1.64 -2.05 -2.27 -2.58
22/10 -0.03 -0.18 -0.37 -0.50 -0.70 -1.00 -1.04 -1.54 -1.99 -2.37 -2.78
22/11 0.00 -0.16 -0.29 -0.39 -0.54 -0.85 -0.93 -1.45 -1.86 -2.17 -2.51
23/9 0.15 -0.17 -0.34 -0.38 -0.57 -0.73 -0.90 -1.35 -1.65 -1.96 -2.36

23/11 0.07 -0.12 -0.31 -0.34 -0.51 -0.68 -0.79 -1.12 -1.38 -1.66 -2.06
24/9 -0.01 -0.26 -0.39 -0.48 -0.66 -0.83 -0.99 -1.42 -1.83 -2.20 -2.41

24/10 -0.0 -0.20 -0.34 -0.36 -0.59 -0.76 -0.86 -1.24 -1.56 -1.91 -2.19
26/10 0.15 -0.01 0.01 -0.08 -0.07 -0.08 -0.36 -0.47 -0.71 -0.79 -0.86

27/9 -0.16 -0.39 -0.73 -0.88 -1.03 -1.11 -1.29 -1.74 -2.21 -2.36 -2.55
27/10 -0.17 -0.30 -0.68 -0.94 -0.96 -1.02 -1.38 -1.89 -2.29 -2.51 -2.89
27111 -0.18 -0.73 -1.03 -1.27 -1.32 -1.43 -1.70 -2.23 -2.68 -2.86 -3.18
28/10 -0.26 -0.42 -0.64 -0.80 -0.85 -1.11 -1.33 -1.79 -2.02 -2.39 -2.57
28/11 -0.22 -0.42 -0.63 -0.79 -0.86 -1.05 -1.17 -1.68 -2.06 -2.36 -2.52
29/9 -0.11 -0.36 -0.49 -0.73 -0.84 -0.95 -1.07 -1.52 -1.75 -1.99 -2.27

29/10 -0.21 -0.34 -0.42 -0.61 -0.67 -0.70 -0.83 -1.10 -1.46 -1.61 -1.81
29/11 -0.18 -0.35 -0.50 -0.65 -0.70 -0.77 -0.81 -1.31 -1.47 -1.64 -1.80
30/9 -0.20 -0.15 -0.58 -0.77 -1.01 -1.29 -1.49 -1.90 -2.32 -2.75 -2.82

30/11 -0.16 0.00 -0.45 -0.64 -0.79 -0.92 -1.13 -1.52 -1.87 -2.25 -2.37
31/9 -0.20 -0.36 -0.44 -0.68 -0.76 -0.79 -1.03 -1.51 -1.92 -2.16 -2.41

31/10 -0.17 -0.31 -0.45 -0.62 -0.76 -0.92 -1.13 -1.50 -1.84 -2.15 -2.47
31/11 -0.26 -0.38 -0.57 -0.77 -0.83 -0.89 -1.10 -1.43 -1.67 -1.83 -2.10
33/9 -0.20 -0.23 -0.54 -0.74 -0.94 -1.12 -1.34 -1.87 -2.08 -2.41 -2.60

33/10 -0.24 -0.24 -0.53 -0.63 -0.78 -1.17 -1.35 -1.82 -2.12 -2.37 -2.63
34/9 -0.30 -0.52 -0.73 -0.84 -1.01 -1.21 -1.30 -1.79 -2.16 -2.53 -2.72
35/9 -0.25 -0.22 -0.56 -0.66 -0.78 -1.03 -1.27 -1.78 -2.24 -2.63 -2.97

35/10 -0.27 -0.23 -0.53 -0.56 -0.69 -0.81 -1.00 -1.31 -1.57 -1.80 -2.04
36/11 -0.22 -0.35 -0.55 -0.66 -0.85 -0.98 -1.14 -1.40 -1.71 -1.92 -2.10

37/9 -0.11 -0.21 -0.40 -0.59 -0.73 -0.81 -0.85 -1.32 -1.65 -1.85 -2.16
37/10 -0.12 -0.13 -0.32 -0.51 -0.57 -0.70 -0.77 -1.18 -1.42 -1.70 -1.89
37/11 -0.08 -0.13 -0.33 -0.48 -0.6C -0.77 -0.95 -1.41 -1.65 -1.91 -2.10
39/9 -0.04 -0.23 -0.31 -0.56 -0.68 -0.79 -0.94 -1.52 -1.69 -2.20 -2.35

39/10 -0.06 -0.17 -0.23 -0.46 -0.54 -0.68 -0.93 -1.39 -1.72 -2.14 -2.28
33/11 -0.10 -0.21 -0.25 -0.46 -0.55 -0.61 -0.82 -1.34 -1.70 -2.05 -2.19
40/9 -0.21 -0.51 -0.80 -0.95 -1.32 -1.44 -1.64 -2.36 -2.57 -2.97 -3.19

40/10 -0.24 -0.36 -0.57 -0.65 -0.92 -1.36 -1.55 -2.21 -2.50 -2.79 -2.89
40/11 -1.03 -1.21 -1.,-2 -1.69 -2.30 -3.36 -3.67 -3.33 -3.55 -4.14 -4.35

decrease in Ic with fluence is evident for both device geometries. Another

feature of the data, as shown in Figures 36-38, is that a spread in the spec-

trum occurs with increasing fluence in addition to a shift in the average

value.

In our original study of neutron effects on bipolar transistors and

pinch resistors Tdentical to those used here,30 only one fluence (3.1 x 1012

n/cm 2) was used. The resistor data were reasonably well understood, but the

transistor data were not satisfactorily explained. We later decided31 that
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Figure 36. Histogram showing percent change in collector
current for the irradiated 2.3-p.n bipolar
transistor population after I.1 x 1011 n/cm2 .
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Figure 37. Histogram showing percent change in collector
current for the irradiated 2.3-pum bipolar

transistor population after 6.5 x 101 n/cm2 .
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I decreased in the irradiated transistors not only because of radiation- I.E
induced defects in the intrinsic base but also due to those present in the
extrinsic base (Figure 24). The present data can be interpreted, at least

qualitatively, on that basis. For example, at the highest fluence used (2.9

X 1012 n/cm2 ) we calculate that, on the average, .-10 neutron interactions

will have occurred in every device in that portion of the extrinsic base ex- -_-_-

pected to influence the collector current. In contrast, at that fluence an

average of -0.5 interactions will have occurred in the intrinsic base region

of every device. These approximate calculations strongly suggest that the

present transistor data are dominated by extrinsic base effects.

Additional analysis of the transistor data is planned, with the goal of

determining the effect of a single neutron interaction on the collector cur-

rent. Once that effect has been accurately determined based on our experi-

mental findings, then the effect of a single interaction in the intrinsic base

on transistor gain can be calculated for various VLSI geometries. Our plan of

attack in this additional analysis is the following: 1) calculate the extrin-

sic and intrinsic contributions to pre-irradiation collector current for the __

present device geometry; 2) use the Poisson distribution and calculate the

expected number of interactions in the extrinsic and intrinsic base regions

as a function of fluence for the two device populations; 3) based on experi-

mental data and results of the above calculations, determine the effect of a

single defect cluster on collector current; take the cluster size distribution

into account; 4) calculate the effect of a single damaged region on the gain

in bipolar transistors of various geometries. Results of that work wiil be
reported at a later date.

4.3 EXPERIMENTAL STUDY OF DISORDERED REGION PROPERTIES USING A SCANNING
ELECTRON MICROSCOPE

During 1981, a program was initiated to observe single neutron-produced

defect clusters through their effect on carrier recombination.31 The experi-

mental approach employed in this investigation was based on the use of a

scanning electron microscope to yield a highly localized source of excess

carriers. The variation in the electron-beam-induced current (EBIC) observed

as the beam is scanned over an irradiated silicon sample was expected to re-

veal the influence of defect clusters. The selected test vehicle was a space-
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quality thin silicon solar cell. Details of the experimental method as well

as characterization of the solar cell prior tu irradiation are given in refer-

ence 31.

In the present program, tfe test device was irradiated with 14-MeV neu-

trons to a fluence of 1.1 x 1011 n/cm2 . This fluence was chosen because of

the desire, on the one hand, to have a reasonably high density of clusters to

examine, and the necessity, on the other hand, not to degrade the diffusion

length excessively because of the resulting loss in signal-to-noise ratio.

Comparison of the pre- and post-irradiation data showed a significant reduc-

tion in the signal level. This reduction was translated into a macroscopic

degradation of the minority-carrier lifetime. A recombination-lifetime neutron

damage coefficient Kr was then determined through the relationship
r~

-I '.01

T To + o/K r ,(13)

where 0 is fluence and T and T are pre- and post-irradiation lifetimes, re-

spectively. The damage coefficient was found to be -1 x 10 n-sec/cm2 . This

coincides with the expected value extrapolated from higher resistivity data. 42

Another result of the irradiation was an increase by a factor of two of the %I

noise level in the EBIC signal. Unfortunately, this increase in noise re-

sulted in signal variations of a magnitude comparable to that expected for a

single cluster. Hence, under the present expe.-imental conditions individual

damage clusters could not be discerned. Signal averaging of multiple data

traces could, in principle, reduce the noise to the point where individual

regions might be observable. .- '-

4.4 EXPERIMENTS ON MOS/VLSI TRANSISTORS

4.4.1 Introduction

The potential effects of a single neutron-produced disordered region

on the electrical properties of small-geometry MOS transistors are described

in Ref. 30. The anticipated effects are: threshold voltage shift, channel

mobility degradation, and increased drain leakage current. We have performed

experiments on MOS/VLSI transistors in an attempt to examine the validity of

those concepts. Electrical properties were measured before and after a series

of 14-MeV neutron irradiations.
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4.4.2 Devices

A population of 42 unhardened n-channel MOS/VLSI transistors was used in O

this study, two of which were unirradiated controls. The gate oxide thickness

was 45-50 nm and the substrate doping concentration was 2.3 x 1016 cm 3 . These

devices were contained in nine chips, designated as numbers 41, 43, 46, 47, 49, ,

50, 52, 53, and 54. The individual transistors on a given chip were assigned .

the numbers given in Table 6, which also lists the device dimensions. For ex-

ample, 46/10 designates transistor number 10 on chip number 46. (The yield was 'N"

relatively low, so on some chips only a few devices were usable.)

Table 6. Channel width and channel length for MOS/VLSI transistors
included in this investigation,.

Device Channel Width Channel Length
Number m-

/0 1.0 0.5

/1 2.0 0.5

/2 1.5 1.0

/3 1.0 1.0

/4 2.0 1.0

/5 2.0 1.5

/6 1.5 1.5

/9 2.0 1.5
/10 1.5 1.5

/11 2.0 1.0

/12 1.0 1.0

/13 1.5 1.0

4.4.3 Experimental Methods

The individual transistors were switched into test circuits under com-

puter control. Parameters measured included leakage current, transconductance,

and threshold voltage. All tests were performed in a temperature environment

of 31 ± 0.5 0 C. The measurement system and its capabilites are described here.

Figure 40 shows a simplified version of the test circuit used to measure

leakage current. A Keithley Model 616 Electrometer was used to measure the

current to a resolution of 1 picoampere, with 0.2% full-scale accuracy. "',. •
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63007

Figure 40. Simplified diagram of test set-up used
to measure leakage current.

A Hewlett-Packard Model 3456A DVM was used to read the output of the Keithley

and feed it to a Hewlett-Packard Model 9826 computer. The computer controlled

all test functions and also received and stored all data. Leakage current was

measured fourteen times. The average of these readings and its standard devia-

tion were stored on disc memory for later use.

Transconductance and threshold voltage were measured in the following

manner. A gate-to-source voltage (V ) of 100 mV was applied to a transistor
gs . .

and the resultant drain current (Id) measured and retained. Vgs was then in-dgs
cremented by 25 mV and a new Id measured. This process was continued until a -

plot of Id vs. Vgs was obtained. (See Figure 41.) The major slope of this

curve was then defined as the transconductance (g ) and the voltage intercept •-,.-.m
was defined as the threshold voltage (Vt). After gm and Vt were obtained, the

entire test was repeated to obtain new values of gm and Vt. This procedure

was repeated until fourteen values were obtained. The average of these values

and its standard deviation were stored on disc memory for later use. Figure 42

shows a simplified version of the test circuit used. Gate excitation was sup- -.

plied via a Hewlett-Packard Model 44429A digital-to-analog converter (DAC)

under computer control. Drain current was determined by measuring the voltage

drop across a precision resistor in the drain supply line. Figure 43 shows a

detailed wiring diagram of the test circuit. A simplified version of the com-

puter test flow diagram is shown in Figure 44.
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Figure 41. PiOt Of Id vs. Vg showing definition of

voltage (Vt).
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Figure 42. Simplified diagram of test set-up used to

measure transconductance and threshold
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A complete data set was obtained for the entire device population on a

given day in the manner described above. In an attempt to improve experimental

accuracy, additional complete data sets were obtained on subsequent days. Typ-

ically, five such sets were obtained and averaged. The resulting standard devi-

ation, expressed as a percentage of the mean value, was <1% for pre-irradiation

threshold voltage and transconductance readings. For leakage current, the per-

cent standard deviation was relatively large (>10%) for devices with very low

leakage (i.e., tens of picoamperes) and relatively small (<1%) for devices with

high leakage (i.e., tens of nanoamperes). Large standard deviations occurred

when the measured leakage current was on the order of the system noise level.

(Emphasis in this investigation was placed on examining radiation-induced

changes in threshold voltage and not on transconductance and leakage current.

The data presentations and relited fiscussion given below reflect that emphasis.)

After the last neutron irradiation, the percent standard deviation for Vt was

<1% for only one-half of the device population. Most of the remainder had a
V" standard deviation <3%, with a few exhibiting higher values. This decrease in

experimental accuracy is attributed to a degradation with time in the operating

stability of a portion of the population.

14-MeV neutron irradiations were conducted at the Lawrence Livermore Labo-

ratory RTNS-II source. Four irradiations were performed under zero bias condi-

tions, and the fluences are listed in Table 7. Following the series of neutron

exposures, additional zero-bias irradiations were performed at the Northrop

"Research and Technology Center Co-60 source. Six irradiations were performed

on chips 50 and 53 before annealing, and the total ionizing doses are listed in

Table 8. Five Co-60 irradiations were also performed on chips 43, 47, and 49 and

on chips 50 and 53 after annealing. Total doses used are listed in Table 9.

4.4.4 Results and Discussion

Table 10 lists threshold voltage shifts (AVt) measured for the device

population after each of the four neutron irradiations. In general, the popu-

lation exhibits a monotonic decrease in Vt with fluence. There are a few ex-

ceptions, however. One of the unirradiated control devices (46/13) became un-

stable and exhibited a significant AV after the first two irradiations, then

subsequently stabilized. The other control exhibited a small, but reasonably

constant, AVt. Devices 41/1 and 41/2 behaved in a manner consistent with the

69

/



Table 7. 14-MeV neutron fluences used in irradlations of MOS/VLSI
transistors.

Irradiation Incremental Cumulative
"Number Fluence Fluence

1 5.7 x 10 n/cm 5.7 x I012 n/cm

2 1.2 x 1013 1.8 x 1013

, 3 2.2 x 1013 3.9x 101

4 5.6 x 01 3  9.6 x 101 3

Table 8. Total ionizing doses used in Co-60 irradiations of
chips 50 and 53 before annealing.

. Irradiation Incremental Cumulative
Number Dose Dose

1 1.0 x 102 rad(Si) 1.0 X 102 rad(Si)

"2 9.0 x 102 1.0 x 10

3 9.0 x 103 1.0 x 10

4 2.0 x 104  3.0 x 104

5 7.0 x 104 1.0 x 105

6 2.0 x 105 3.0 x 105

Table 9. Total ionizing doses used in Co-60 irradiations of chips 43, 47,
49, 50, and 53. (Irradiations of chips 50 and 53 were performed
after an anneal, as discussed in the text.)

Irradiation Incremental Cumulative
Number Dose Dose

1 2.4 x 103 rad(Si) 2.4 x 103 rad(Si)
2 2.6 x 103 5.0 x 10

3 5.0 x 10O3  1.0 X 10O4

4 1.0 x 104  2.0 x 104

5 3.0 x 104  5.0 x 104
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iI
Table 10. Threshold voltage shifts (in mV) measured for a population

of MOS transistors after each of four 14-MeV neutron irrad-
iations. (Neutron fluences are given in Table 7.) The
first two devices listed are unirradiated controls.

.4

DEVICE NEUTRON IRRADIATION NUMBER
NUMBER 1 2 3 4

46/ 10 -10.02 -8.20 -4.81 -6.54
46/ 13 63.03 133.82 130.41 127.06

41,! 1 -5.84 -20.28 -43.07 129.13
"41/ 2 -6.24 -15.45 -34.32 -471.18

41/ 12 -9.89 -31.95 -39.90 -74.47
43/ 1 -14.67 -26.91 -60.88 -132.71•"43/ 2 -11.71 -29.42 -58.45 -93.26
43/ 3 -14.19 -43.35 -70.89 -110.03
43/ 4 -7.45 -18.73 -39.80 -81.44
43/ 5 -10.05 -21.39 -40.89 -76.82
43/ 6 -7.81 -18.48 -36.68 -70.26
43/ 9 -8.42 -20.00 -40.19 -73.81

43/ 10 -9.99 -18.97 -32.96 -63.10
43/ 11 -6.53 -15.69 -32.77 -63.78
43/ 12 -8.00 -27.34 -52.50 -99.49

47/ 2 -8.87 -20.71 -30.45 -43.31
47/ 3 -12.13 -28.40 -37.98 -42.69
47/ 4 -4.97 -10.87 -18.21 -30.01
47/ S -5.59 -10.04 -17.67 -26.61
47/ 6 -7.72 -14.83 -22.47 -32.03
"47/ 9 -6.47 -10.03 -25.53 -35.31

47/ 11 -3.30 -1.40 0.80 -15.55
49/ 2 -6.55 -17.37 -36.80 -66.07
49/ 3 -11.80 -28.74 -47.90 -79.69
49/ 5 -9.38 -19.14 -36.90 -58.78
"49/ 6 -6.28 -15.35 -28.65 -55.32
49/ 9 -8.40 -22.23 -38.19 -78.54

49/ 11 -4.94 -10.02 -26.54 -63.45
49/ 12 -15.04 -22.85 -48.08 -88.69
49/ 13 -8.66 -18.26 -52.33 -114.55

50/ 2 -13.74 -32.70 -76.08 -119.39
SO/ 3 -27.49 -51.92 -79.23 -135.28
50/ 4 -10.00 -24.96 -47.40 -91.93
SO/ 9 -9.27 -20.13 -37.89 -73.92

50/ 10 -9.71 -25.61 -44.87 -82.21
52/ 6 -25.35 -58.76 -70.09 -78.64
53/ 9 -3.94 -12.16 -19.90 -30.82

53/ 10 -4.02 -13.00 -15.38 -17.10
53/ 11 -3.25 -9.07 -11.67 -17.42
53/ 13 -5.70 -9.68 -18.42 -35.89
54/ 0 -7.74 -17.12 -46.20 -89.52
54/ 2 -5.60 -11.85 -26.31 -47.56
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rest of the population for the first three irradiations. After the fourth

bombardment, these devices exhibited large changes in Vt which are most likely

associated with the onset of an electrical instability or a device reliability

problem. Device 47/11 also exhibited anomalous behavior in that very little

radiation-induced change in Vt was observed.

The monotonic change in LVt with irradiation observed for nearly all

devices in the population was not anticipated. We were looking for occasioral

discrete changes in electrical properties similar to those noted in the pinch

resistor experiments described in Section 4.2.3. Examples of the types of be-

havior actually observed are shown in Figures 45 and 46. Most of the devices

behaved like 49/6 and 50/10 (Figure 45), exhibiting a slightly sublinear in-

crease in -LVt with fluence. A few devices exhibited the onset of saturation

(52/6 and 53/10 in Figure 45). A few other devices showed a change in slope,

as illustrated in Figure 46. We initially hypothesized that these slope changes

were due to single neutron interactions in the channel region of a given de-

vice. As an example, if the third irradiation of device 41/12 produced a

single defect cluster in the silicon substrate very near the SiO2 -Si interface,

then the resulting Fermi-level pinning (postulated in Ref. 30) would make it

"more difficult to turn the device on. The subsequent shift in Vt would be in

"a direction opposite to that produced by positive charge buildup in the gate

oxide.

-. Nearly all of the data suggest that some background effect occurred con-

tinuously, such as positive charge buildup due to ionizing radiation. If dis-

crete neutron effects, such as that just described, did occur, then thfy would

appear as perturbations on the background. This is a possible explanation for

a slope change. The behavior exhibited by most devices (e.g., 49/6 and 50/10)

is what one would expect for MOS devices in a purely ionizing radiatiin en-

vironment. In addition, the saturation exhibited in some cases (e.g., 52/6

and 53/10) is consistent with the formation of negatively charged interface

states which begin to compensate for the built-up positive charge in the gate
oxide. Two questions then arise: 1) Did the devices receive a background

ionizing dose? 2) Are the slope changes evident in Figure 46 due to individ-

ual neutron interactions? These issues were addressed and our findings are

now described.
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It was necessary to irradiate the MOS transistor population to relatively

high fluences because the population size and the device sizes were small.

Thus, a relatively large fluence was required to produce a single neutron inter-

action in a device critical region. For example, the fluence needed to produce

a single interaction within 10 nm of the SiO2 -Si interface in one device out of

forty (assuming a 1 pm x 1 pm size) is calculated to be -3 x 1013 n/cm2 . In

addition, we simultaneously irradiated all chips, which were mounted in DIPs.

The irradiated area was ~25 in2 (-5 in x 5 in). To achieve a uniform fluence

for all devices, it was therefore necessary to place the packages relatively

far from the target at the RTNS-II facility. (For the first irradiation, the

distance was 100 cm; for the other three irradiations, the distances varied

from 50 to 58 cm.) Thus, irradiation times were of necessity relatiely long.

Quantitative ipformation regarding the background ionizing dose rate

during neutron bombardment was not available. We assumed (evidently errone-

ously, as shown below) that this rate was low enough to be unimportant in the

present experiment. Likelysources of an ionizing background are: 1) inelastic

neutron scattering from the exposure room walls; 2) air ionization; 3) target

activation; 4) activation of materials present in our experiment and in others

being conducted simultaneously. Personnel at the RTNS-II source estimate that

there is typically not a significant dependence of the background dose rate on

position in the exposure room. Thus, to minimize the background total dose

received, the irradiation time should be minimized. In our case, in retrospect

we could have moved a factor of -2 closer to the target and still have achieved

about ±10% uniformity in neutron fluence over the irradiation area. This would

have reduced the bombardment time, and thus the total ionizing dose, by a factor

of -4. Alternatively, chips could have been irradiated individually at a posi-

tion much closer to the target. Another approach in a future experiment would

be to use a significantly larger device population so that the required fluence,

and thus the irradiation time, would be substantially reduced.

We next performed Co-60 gamma irradiations of the rOs devices in an at-

tempt to determine whether the observed slope changes were due to neutron inter-

actions and whether the results obtained from neutron irradiations were domi-
nated by background ionization. Table 11 lists threshold voltage shifts measured

for devices contained in chips 50 and 53 after a series of ionizing irradiations.
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Table 11. Threshold voltage shifts (in mV) measured for MOS transistors
contained in chips 50 and 53 after each of six Co-60 gamma ___

irradiations. (Total doses are listed in Table 8.) These
irradiations were performed before annealing.

Device Gamma Irradiation Number
Number 1 2 3 4 5 6

50/2 -0.4 0.8 -12.6 -43.2 -91.7 -110.0

50/3 -3.5 -3.8 -13.1 -32.1 -73.9 -107.0

50/4 -0.3 -0.6 -12.5 -31.5 -82.2 -121.0

50/9 -0.1 0.5 -7.1 -21.2 -56.1 -87.0

50/10 -0.1 -0.8 -11.8 -25.7 -65.8 -100.0 F-,

53/9 0.9 2.2 1.2 1.6 -1.0 15.9

53/10 -0.2 0.1 -2.1 -1.4 -5.8 8.2

53/11 1.7 1.7 -1.6 -11.1 -14.3 8.8

53/13 6.3 9.4 -1.9 1.6 -0.3 21.3

(Note that these chips had previously been irradiated to a neutron fluenca of

9.6 x 1013 n/cm2 and may have received considerable tackground ionizing radi-

ation.) The &V values listed in the table are referenced to values of Vt

measured before the Co-60 tests (i.e., after neutron exposure).

Devices contained in chip 53 showed very little change in Vt until the

highest dose was reached, whereupon significant changes were noted and a sign

reversal occurred. In the neutron bombardments, these devices exhibited satu-

ration effects as shown in Figures 45 and 46 (53/10 and 53/11). The Co-60

results are consistent with those observations in that the devices remained

in sa•vr,•t4, until a sufficiently high dose was received to produce enough

negatively charged interface states to compensate for the built-up positive

charge in the gate oxide. Thus, results of Co-b6 irradiations of transistors .,-.

in chip 53 indicate that observations made on that chip in the neutron experi-

ments were dominated by background ionizing radiation. The same conclusion

can be made for chip 50. The monotonic, sublinear change in Vt noted in the

neutron studies (see 50/10 in Figure 45) appeared to continue in the Co-60 ex- V.%

periments, with the onset of saturation becoming evident at the highest total

dose.

5,.
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10.

Chips 50 and 53 were then annealed at 250'C for 20 min. at zero bias.

Chip 50 was also annealed at 250'C for 20 min with -3V gate bias applied.

Vt values for chip 53 after anneal had recovered and were ,.35 mV larger than

pre-neutron-irradiation threshold voltages. Annealing attempts on chip 50

were unsuccessful; post-annealing values of V were actually less than before r...

annealing.

A second series of Co-60 irradiations were then performed on five chips,

and resulting threshold voltage shifts are listed in Table 12. Comparing re-

sults for the successfully annealed chip (53) with the previous neutron experi-

ments (Table 10) suggests that the total ionizing dose received during the
4

neutron exposures was -5 x 10 rad(Si). For those chips that exhibited mono-

tonic, sublinear changes in Vt in the Co-60 experiments (chip 50 pre-anneal

and chips 43 and 49), more detailed calculations were performed* which yOelded

an average dose for the neutron experiments of ~ 7 x 104 rad(Si). It is Then

appropriate to examine the Co-60 data after adding that dose to those given in

Tables 8 and 9, and after adding the AVt values obtained following the fourth

neutron irradiation to those given in Tables 11 and 12. Figure 47 shows typi-

cal examples of data plotted in that manner. AV values obtained in the neu-

tron experiments are also shown. Total doses for those experiments are assumed

to be proportional to the neutron fluence, with 9.6 x 1013 n/cm2 being equated

to an ionizing dose of 7 x 104 rad(Si). Devices 43/4 and 49/9 exhibit a con-

tinuation of the monotonic sublinear behavior evident in the neutron experiments,

although the Co-60 incremental dose range examined is somewhat limited. Device
550/10 exhibits the onset of saturation beyond 10 rad(Si). Again the Co-60

results appear to be consistent with the neutron findings, which indicates that

the latter experiments were dominated by-background ionization.
k7

A linear relationship between neutron fluence and total ionizing dose was
assumed. Next, OVt values measured in the Co-60 experiments were plotted or.
straight-line extrapolations of fits (on log-log plots) to data obtained in
the neutron experiments (e.g., 49/6 in Figure 45). With knowledge of the
Co-60 doses, a straightforward calculation then yields the total dose re-
ceived during neutron bombardment. This procedure yielded consistent values
for moderate Co-60 doses. Deviations were noted at the highest doses which
were probably due to the onset of saturation, i.e., deviation from the sub-
linear extrapolation. The Vdfue of 7 x 10 rad(Si) is an average based on
calculations performed at moderate doses (I to 3 x 104 rad).

76

76 -'a



- -~ .C4-. . .

Table 12. Threshold voltage shifts (in mY) measured for a population
of MOS transistors after each of five Co-60 gamma irrad-
iations. (Total doses are given in Table 9.) Irradiations
of chips 50 and 53 were performed after an anneal. (See
text for discussion.)

DEVICE GAMMA IRRADIATION NUMBER
NUMBER 1 2 3 4 5

43/ 1 1.11 -1.33 -10.38 -38.46 -41.77
43/ 2 -1.84 -3.94 -10.54 -14.93 -28.44
43/ 3 -5.93 -10.86 -12.73 -20.42 -38.69
43/ 4 -2.32 -4.70 -8.32 -17.15 -37.34
43/ 5 -0.02 -0.72 -3.94 -12.82 -28.35
43/ 6 -2.92 -3.35 -9.31 -12.28 -27.34
43/ 9 -1.22 -4.18 -8.68 -14.05 -32.08

43/ 10 0.08 -2.24 -4.05 -S.77 -24.89
43/ 11 -1.69 -3.60 -6.21 -13.25 -29.67
43/ 12 -3.16 -3.65 -9.94 -18.35 -37.80
47/ 2 -2.85 -4.05 -6.01 -3.97 -5.84
47/ 3 -1.25 -2.37 -1.40 0.87 5.73
47/ 4 -0.24 -2.81 -4.95 -6.88 -7.85
47/ 5 -0.77 -0.77 -3.07 -6.06 -8.99
47/ 6 0.06 -1.29 -1.92 -6.55 -5.53
47/ 9 -1.04 -0.48 -2.93 -6.48 -8.98
49/ 2 -0.21 -2.46 -8.68 -14.40 -29.75
49/ 3 0.17 -1.93 -5,87 -14.66 -28.28
49/ 5 -1.79 -4.90 -5.97 -8.89 -17.78
49/ 6 0.25 -1.36 -2.81 -8.68 -13.91
49/ 9 0.44 -3.95 -6.02 -14.49 -34.38

49/ 11 -3.14 -5.39 -8.96 -18.34 -34.27
491/ 12 -1.55 -6 83 -11.22 -20.75 -57.50
49/ 13 1.53 -0.58 -7.15 -1S.48 -45.57

50/ 2 -4.46 -7.69 -1G.59 -31.30 -59.54
S0/ 3 -1.61 -5.36 -12.59 -28.62 -71.71
50/ /' -1.26 -3.49 -8.59 -16.97 - 369
S0/ 9 -0.82 -3.39 -7.31 -14.9e -30.70

50/ 10 -4.78 -7.43 -12.76 -25.42 -43.217
53/ 9 -1.80 -2.97 -6.47 -8.54 -17.66

53/ 10 -3.S1 -3.81 -4.64 -11.48 -16.51
53/ 11 -1.92 -3.18 -6.85 -9.69 -16.69
53/ 13 -3.00 -4.61 -9.19 -16.17 -27.35
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Figure 47. Threshold voltage shift vs ionizing dose for three MOS
trans isto rs. Data obtained after both neutron bombard-
ment and Co-60 irradiation are shown. (See text for
discussion.) Valu,-; of -AVt for device 43/4 are
multiplied by 10 for clarity.
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Figure 48. Threshold voltage shift vs Co-60 dose for
four MOS transistors in chip 53 after
annealing. ~
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Figure 48 shows threshold voltage shift versus dose for chip 53 after

annealing. (For this case, it is presumably appropriate to use the actual
4w

Co-60 doses and not add 7 x 10 rad to them.) Slope changes are evident for
device 53/10, which suggests that the slope changes noted in a few cases during , -,

neutron irradiation (Figure 46) are not associated witti single neutron inter-

actions. However, further data are needed on other devices to substantiate

this point. The occasiu-.al instabilities observed in the present device popu- ý'

lation (discussed above) make it difficult to be conclusive about the origin

of the slope changes. In summary, electrical measurements on neutron-irradiated

MOS/VLSI transistors appear to have been dominated bv background ionizing radi-

ation effects. It is not clear at present ,ihether slope c&anges observed in

plots of threshold voltage shift versus fluence are attributable to neutron in-

teractions, to ionizing radiation, or to device instabiliti-s.

4.5 SUMMARY

An experimental and analytical study of the effects of 14-MeV neutrons

on silicon devices has been performed. Emphasis was placed on examining whether

the permanent damage that results from a single neutron interaction could cause
problems if that damage occurred in a sensitive region of a VLSI circuit. Deter-

mination of the energy and angular distributions of PKAs in 14-MeV neutron-

irradiated silicon was made. These distributions were employed in a distributed

cluster model that was used in an attempt to account for measured resistance -

changes in irradiated pinch resistors. Neutron irradiations of small-geometry
bipolar transistors were also performed. Electrical measurements were dominated

by damage produced in the extrinsic base region. An approach was developed for
determining the effect on current gain of a single interaction in the intrinsic

base region, and such experimentally-based calculations are planned. Neutron

irradiations of MOS/VLSI transistors were performed. Observed threshold voltage

shifts appeared to be largely attributable to background ionizing radiation

present during the neutron irradiations. Slope changes were noted occasionally
in plots of threshold voltage shift versus neutron fluence. Further study is

needed to determine whether these slope changes are attributable to neutron ,..,

interactions, to ionizing radiation, or to device instabilities.
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